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Abstract
The transverse beam prole in LEP has been studied. Non-Gaussian tails of the distribution
have been limiting the maximum current that could safely be collided and are a potential source
of background to the experiments. Scattering processes have been identied as a mechanism
which launches particles to large amplitudes. Simulations of the relevant scattering processes
have been implemented in the tracking code DIMAD. Results from the tracking agree with
measurement results for a single beam and for colliding beams with a low beam-beam tune
shift. Tail measurements also helped in understanding the dynamic aperture measurements at
LEP.
Studien des transversalen Strahlproles bei LEP wurden durchgefuhrt. Nicht-gauische Schwan-
ze der Verteilung limitierten den maximalen Strom der zur Kollision gebracht werden konnte,
und sie sind eine potentielle Quelle von Untergrund in den Experimenten. Streuprozesse wurden
als Mechanismus, der die Teilchen zu groen Amplituden bringt, identiziert. Simulationen der
relevanten Streuprozesse wurden in das Tracking-Programm DIMAD implementiert. Tracking-
Ergebnisse und Messungen stimmen fur separierte Strahlen und fur kollidierende Strahlen mit
kleinem Strahl-Strahl Parameter uberein. Messungen der Schwanze halfen auerdem, die Mes-
sungen der dynamischen Apertur bei LEP zu verstehen.
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the constituents of matter are investigated [1].
LEP's main objective is nding new phenomena, new particles and the study of the electro-
weak interaction. From 1989 to 1995 it was operated at beam energies around 45:6GeV per
beam to study the properties of the Z-boson. Since 1996 LEP was operated at beam energies
above 80GeV to produce pairs of W -bosons.
Using results from millions of decays of Z-bosons dierent parameters of the Standard Model
can be tested to high accuracy. The mass of the Z-boson is now determined with a relative
accuracy of 7:7  10
 5
[2]. Studies of the resonance curve of the Z showed the existence of only
three generations of leptons [3].
A collider like LEP is expected to produce a high rate of particle collisions (luminosity) with a
low level of background. The background signals observed in the experiments are mainly due
to particles lost from the beam after scattering with residual gas atoms/molecules or due to
photons radiated by the beam particles.
The beams are strongly focused to obtain small beam sizes at the interaction points resulting in a
high luminosity. The core of the beam has a Gaussian shape containing most of the particles and
producing essentially the whole luminosity. However even a small number of particles at large
amplitudes (corresponding to many standard deviations) are sucient to produce signicant
background to the experiments and can reduce the beam lifetime signicantly.
When LEP was operating at beam energies in the region of 45:6GeV (LEP1) to produce Z-
bosons, in fact it was observed that attempts to increase currents and luminosities further would
result in high background levels or background spikes. This eectively limited the maximum
useful beam current and hence the luminosity [4]. A study and, if possible, a minimisation of
non-Gaussian tails is therefore of direct importance to the performance of LEP.
At present, several new colliding beam storage rings are close to completion (e.g. PEP-II in
Stanford and DAFNE in Frascati). There is a general interest to better measure and understand
the beam dynamics of non-Gaussian tails and the eects of the non-linear beam-beam interaction
as these might aect the performance of these new colliders.
A considerable amount of work [5] has been done on the subject of beam-beam interaction prior
to this work. A number of programs [6, 7] are available to simulate some main features of the
beam-beam interaction and have been helpful to nd a good working point for high luminosity.
In collaboration with colleagues from other laboratories and in particular SLAC
3
[8, 9], it was
also attempted to predict non-Gaussian tails for LEP [9]. The measurements described here
showed much stronger tails than predicted.
At a low, but still signicant level, non-Gaussian tails were observed at LEP even without
colliding beams. Inelastic scattering has been identied as a launching process for particles into
1
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2
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4 1. Introduction
horizontal non-Gaussian tails. This conclusion was drawn from measurements and simulations
described in this thesis.
Applying the mechanism to processes happening in the collisions, it was shown that in the
vertical plane non-Gaussian tails can be caused by the beam-beam Bremsstrahlung.
At very large amplitudes, particles get lost by hitting a physical object (like the beam pipe or
a collimator). At smaller amplitudes, they are damped back into the core of the beam by the
combined eect of synchrotron radiation and radio-frequency acceleration. The tail scans help
to determine the stability limits of the phase space (the dynamic aperture).
This thesis is organised as follows:
Basic concepts of accelerator physics used in the later chapters are introduced.
The main parameters of LEP which are relevant for the measurements and simulations are
discussed.
The fourth chapter describes scattering processes which can launch particles to large amplitudes.
The lifetime of the beams in LEP due to particles lost in these scattering processes is estimated.
The next chapter is devoted to the technique used to measure the tails. The method and the
required instrumentation are described together with studies of the accuracy of the results and
systematic errors.
Chapter 6 discusses the tails measured with single beams. The production mechanism and
the simulation of tails produced by scattering processes are detailed. Simulation results are
compared to measurements. The inuence on the tails of `shadowing' with dierent collimators
is discussed.
Dynamic aperture and its inuence on the tails in LEP are discussed in chapter 7. Methods
of measuring the dynamic aperture in LEP are presented. Results from dynamic aperture
measurements are given together with tails measured during these studies. It is explained how
tail scans helped to better understand results from the aperture measurements.
In the following chapter the beam-beam interaction is discussed. Performance limitations in
LEP due to beam-beam induced tails are detailed. Some simulation codes are presented and
their results are compared to observations made at LEP. The dependence of the beam-beam tails
on some parameters is discussed. At the end of the chapter a short summary of beam-beam
eects observed at LEP is given.
The nal chapter gives a short conclusion drawn from the work described here.
In appendix A equations related to synchrotron radiation and its eects are given.
The algorithms used to generate the scattering processes in the simulation are described in
appendix B.
52. Storage Ring Physics
In a storage ring, beams of charged particles are accelerated and then stored for up to many
hours. The particles are guided by magnetic elds. Dipole magnets are used to bend their
trajectories and quadrupole magnets focus the beams.
In colliders like the Large Electron Positron collider (LEP) at CERN, two counter-rotating
beams collide in one or more interaction points.
Most storage rings are synchrotrons, the name being derived from the particles being syn-
chronous with the accelerating radio frequency (RF) elds.
In this chapter the dynamics of particles travelling in a synchrotron are discussed with emphasis
on electron/positron storage rings.
2.1 Transverse Particle Motion
2.1.1 Coordinate System and Closed Orbit
In a synchrotron the coordinate system used to describe the motion of the particles is curvilinear
with s being the coordinate along the ring. The transverse coordinates are x and y where x
denotes the horizontal distance of a particle to the ideal or reference path and y the vertical






Fig. 2.1: The coordinate system in a storage ring: x and y are the transverse coordinates. s is the
coordinate along the path of the particles. (s) is the bending radius at the position s.
Assuming no eld or alignment errors, the path of the particles passes through the centres of all
magnets. This path is the ideal orbit. Due to eld and alignment errors, the path of the particles
is distorted, but there still exists a closed path through the accelerator, the closed orbit.
A particle starting at a certain point with a deviation from the closed orbit oscillates around the
closed orbit. The amplitude and the phase of the oscillation depend on the arrangement of the
quadrupole magnets in the ring, the lattice. These so-called betatron oscillations are described
below.
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2.1.2 Distortions of the Closed Orbit
If the beam gets an additional kick at one place, e.g. due to a misaligned quadrupole magnet or
an error in the strength of a dipole magnet, this inuences the closed orbit around the whole
ring.
The closed orbit can be changed intentionally by using corrector magnets, i.e. small dipole
magnets, to apply additional kicks. One can calculate the change of the closed orbit for a
given change of the strength of a corrector magnet. Closed orbit correction algorithms like
MICADO [10] attempt to apply additional kicks such that the obtained closed orbit is as close
as possible to a reference orbit, e.g. the ideal orbit.
The closed orbit can be changed over a small range of the ring by applying local orbit bumps.
Using at least three corrector magnets the beam can be displaced in the region between these cor-
rector magnets and not aected elsewhere. The technique of calculating the necessary strengths
for the corrector magnets is described in [11].
2.1.3 Betatron-Function and Phase Advance
The equation of motion (in the transverse planes) for particles with nominal momentum in a








(s) + k(s)  u(s) = 0 (2.1)
where u(s) is either the horizontal coordinate x(s) or the vertical coordinate y(s) (assuming that
the two planes are not coupled, which is the case for an ideal machine, e.g. a machine without
solenoid or tilted quadrupole magnets). Equation 2.1 is similar to the dierential equation of a
harmonic oscillator, except that k is not constant but depends on s.













where e is the elementary charge, p the nominal momentum of the particles in the beam and
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is chosen such that k < 0 for a quadrupole magnet which is focusing in the horizontal and
defocusing in the vertical plane and vice versa for k > 0.


















(s) is dened in Eq. 2.4 below. The betatron-function (s) is a continuous function which can
be calculated from the magnetic elds which focus and guide the beam. It depends not only on s
but also on the function k(s) along the whole ring, i.e. changing the strength of one quadrupole





(s) of a particle depends on the normalised amplitude A
u
of the
oscillation but also on the betatron-function (s). The envelope of the particle trajectories is
proportional to the square root of the betatron-function. Figure 2.2 shows the relation between
the betatron-function, the envelope of the beam and the trajectories of the particles.
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Fig. 2.2: Schematic plot of some particle trajectories: On the left hand side all plots are shown as










. The lowest plot shows the real amplitudes x of the particles
(thin lines) and the envelope (thick lines).










The betatron-function (s) and phase advance (s) in a given ring can be calculated from the
positions and strengths of the magnets using programs like MAD [13].
A
u
(s) is the normalised amplitude of a particle. It corresponds to the amplitude of a particle at




(s) as this is proportional
to the beam size (s) =
p
(s) " where " is a constant as long as only conservative forces are




(s) is an important unit which is frequently
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The number of betatron oscillations per revolution period (or turn) in the ring is called the
betatron-tune and denoted by Q, its fractional part by q. From Eq. 2.4 one can see that the









d = (L)  (0) = (L) (2.5)





the horizontal and vertical betatron-tune is called `working point'.
Only certain values are allowed for the tune, as otherwise errors can add up over a few turns





= p where l;m; p 2 Z (2.6)
The order of the resonance is given by jlj+ jmj. Each storage ring is sensitive to resonances up
to a certain order (for lepton storage rings this is typically the third order). Fig. 2.3 shows a
tune diagram. All resonances up to third order are shown as lines. The tune should not be too







Fig. 2.3: Tune diagram showing resonances up to the third order. The standard working point for LEP
is marked by .
2.1.5 Dispersion
Particles with dierent momenta have dierent closed orbits, because they are bent dierently














2.1. Transverse Particle Motion 9
The horizontal position x(s) of a particle with respect to the nominal orbit consists of two
components: the betatron amplitude x










Without vertical bending magnets (as in LEP) there would be no vertical dispersion. Due to
eld and alignment errors there is some vertical bending and therefore some residual vertical
dispersion.
For large rings like LEP the dispersion function is calculated with programs like MAD.
2.1.6 Momentum Compaction Factor
The orbit of an o-momentum particle can have a dierent length than the nominal orbit. The
dependence of the change in length
L
L
on the momentum deviation
p
p








































which is calculated by programs like MAD and where I
1
is one of the synchrotron radiation
integrals dened in Eq. A.1 on page 109.
2.1.7 Chromaticity
Particles with a lower momentum are focused stronger whereas particles with a higher momen-
tum are focused less by the same quadrupole magnet, because the quadrupole strength depends
on the momentum of the particle: k /
1
p
(see Eq. 2.2 on page 6 and Fig. 2.4). Therefore parti-
cles with a momentum deviation have a dierent tune. The chromaticity, which describes the






































(s) k(s) ds (2.13)
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∆
∆f(   p/p=0)
∆f(   p/p>0)
f(   p/p<0)
Fig. 2.4: Chromatic errors (schematic) [12].
where k(s) is the quadrupole strength (dened in Eq. 2.2 on page 6) and (s) the betatron-
function. L is the length of the closed orbit for an on-momentum particle.
The chromaticity can be changed using sextupole magnets in regions with horizontal dispersion,




Eq. 2.8). The principle is shown in Fig. 2.5. A sextupole magnet is focusing on one side of its













The chromaticity is only constant over a small range of momentum deviations. For larger devi-
ations the chromaticity becomes non-linear and large because the sextupole magnets introduce











Fig. 2.5: Chromaticity correction with a sextupole magnet (schematic) [12].
2.2. Longitudinal Motion 11
2.1.8 Coupling
So far it has been assumed that the motion of the particles in the horizontal and vertical plane is
independent. But there are several sources of coupling of the motion in the transverse planes in
an accelerator. Due to imperfections, e.g. skew quadrupole elds from slightly tilted quadrupole
magnets, stray elds, vertical orbit deviations in sextupole magnets etc., one has the so-called
machine-coupling. In addition the elds of the solenoid magnets used by the experiments are
a source of strong coupling which cannot be avoided. The coupling can be minimised using
skew quadrupole magnets (rotated by 45

around the longitudinal axis). The coupling can be
measured by the `closest-tune-approach' [14].
2.2 Longitudinal Motion
The longitudinal motion of the particles is determined by the RF-system (which accelerates the
particles) and the energy/momentum loss of the particles (mainly due to synchrotron radiation).
In this section details of this motion are discussed.
The particles are accelerated by radio frequency (RF) elds. The most important condition
is that the oscillation of the RF-eld is synchronous to the nominal particle, i.e. the particle
experiences the same accelerating voltage each time it passes
1
. The particle arriving with the
correct phase with respect to the RF-eld is the `synchronous' particle.
Figure 2.6 on page 13
2
shows the voltage delivered by the RF-cavities as a function of the phase
angle  . The maximum voltage delivered by the cavities is denoted by V
0
. The position of the
synchronous particle corresponds to  = 0

on the x-axis. The phase angle  
s
of the synchronous
particle is the phase dierence between the nearest node of the sine-wave and the phase of the
synchronous particle.
Before discussing the longitudinal motion of the particles a few technical terms need to be
explained:




harmonic number: The RF-frequency f
RF
has to be a multiple of the revolution frequency f
rev
to guarantee that the particles arrive at the same phase  of the accelerating voltage on
each turn. This can be written as
f
RF
= h  f
rev
where h 2 N (2.15)
where h is the harmonic number. The harmonic number also denotes the number of
locations around the ring where one can have a synchronous particle. In large accelerators
the harmonic number can be large, e.g. h
SPS
= 4620 or h
LEP
= 31320.




(or p) and the lag with respect to the synchronous particle
given either as a phase angle  , a time  , or a distance s. In the gures given in this
section the dierence of the phase angle  (in degrees) with respect to the synchronous
particle is used.
1
This is where the name `synchrotron' comes from.
2
Figures 2.6, 2.7 and 2.8 use LEP at 45:6GeV as an example. All use the same horizontal axis with the same
scale.
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Figure 2.7 shows the potential that the particles experience. The potential well around the
synchronous particle is the RF-bucket. The depth (or height) of the bucket determines up to
which energy deviation particles are stable.
Figure 2.8 shows the longitudinal phase space. The gray region is the stable RF-bucket. Tra-
jectories of stable and unstable particles are shown.
The motion of particles inside the RF-bucket is called the synchrotron oscillation and the number
of oscillations executed per turn is the synchrotron tune q
s












































is the momentum compaction factor dened in Eq. 2.9




is the peak amplitude of the RF voltage
and E
0
the nominal beam energy.
2.3 Synchrotron Radiation
A charged particle emits photons when accelerated [16]. The instantaneous power radiated by

















is the energy of the electron and 
0
is the bending radius in the dipole magnet. c is
the speed of light and C




















Integration of Eq. 2.17 yields the energy loss per turn U
0



















For an isomagnetic lattice
3
one has (s) = 
0
in the bending magnets and (s) =1 elsewhere.












The average radiated power hP





















and L is the length of the closed orbit.
3
To simplify calculations one often assumes that the lattice is isomagnetic. This means that all bending
magnets have the same bending radius, i.e. the same eld. For LEP this approximation is good within a few
percent. The deviation is mainly due to the injection dipole magnets, which have twice the strength and half
of the length of the normal bending magnets.






















Fig. 2.6: The RF voltage (in units of energy loss per turn U
0
=e) as a function of the phase angle  for




. The x-axis is such that  = 0

correspond to the synchronous particle. Positive values of  correspond to particles arriving
ahead of the synchronous particle.




















Fig. 2.8: Some trajectories in the longitudinal phase space using the RF-potential shown in Fig. 2.7 [15].
The gray region is the stable RF-bucket. Particles inside the bucket move counter-clockwise.
Particles outside the bucket are lost after some turns because they are accelerated less and
less by the RF elds.
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From Eq. 2.20 one can see that for a xed radius of a storage ring the energy loss due to
synchrotron radiation grows with the fourth power of the beam energy.
The spectrum of the radiated photons is typically described using the `critical energy' E
c
which













































































The critical energy E
c
denes the energy which divides the power spectrum into two equal halves






























































Fig. 2.9: Number of radiated photons per energy interval (left) and the power radiated per energy
interval (right) [18]. The energy is given in units of the critical energy E
c
. The y-scales are
in arbitrary units.
2.3. Synchrotron Radiation 15
2.3.1 Radiation Damping
Synchrotron radiation leads to damping of betatron and synchrotron oscillations. The mecha-
nisms are the following [12]:
transverse planes: If a particle is not on the closed orbit but executing betatron oscillations
around it, the particle radiates photons while it is not parallel to the closed orbit (al-
though the angles are very small). Therefore it loses some of its transverse momentum in
the process in addition to the loss of longitudinal momentum. In the cavities only the lon-
gitudinal momentum is restored (see Fig. 2.10). As a result the particle loses its transverse
























e energy gain in RF cavity
longitudinal momentum
energy loss due to radiation
longitudinal momentum
Fig. 2.10: Momentum changes due to energy loss by synchrotron radiation (left) and energy gain in a
cavity (right). The drawings are very schematic, as the transverse momentum of the particle
in reality is very small compared to its longitudinal momentum.
longitudinal plane: A particle which has more energy than the nominal one will radiate more
(see Eq. 2.19 on page 12). On the other hand a particle with less energy will radiate less.
Therefore also the longitudinal (energy/momentum) oscillations are damped.
2.3.2 Damping Times
The damping times 
i
depend on the nominal beam energy E
0



















and i 2 fx; y;Eg (2.27)
T
rev
is the revolution time and the J
i
are the damping partition numbers which describe the
distribution of the damping in the transverse and longitudinal planes. The damping partition









= 2 +D (2.30)
The damping parameter D is dened in Eq. A.11 on page 110. It does not depend on the
energy, only on the chosen lattice. It is only signicantly dierent from 0 for combined function
machines or if the closed orbit is not the central orbit.








One cannot change the total amount of damping, but it is possible to redistribute the damping
between the horizontal and the longitudinal plane by changing the damping parameter D.
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2.3.3 Quantum Excitation
As the process of emitting synchrotron radiation is a stochastic quantum process, there is an
excitation in addition to the damping. There are two dierent excitation mechanisms:
1. The synchrotron radiation photons are not emitted exactly forward but into a cone with
an opening angle of
2

[11]. This gives an angular kick to the particle emitting the photon.
As for LEP  is of the order of 10
5
, this eect can be neglected.




dierent closed orbits (see chapter 2.1.5). Assume a particle with
p
p
= 0 without a
betatron oscillation amplitude (x

= 0). At a certain point s where D
x
(s) 6= 0, the
particle emits a synchrotron radiation photon leading to
p
p
6= 0. Therefore the particle is




with respect to its new equilibrium orbit. It therefore oscillates






































Fig. 2.11: Dispersion and amplitude of a particle vs. the phase advance. In the beginning the particle
is on the ideal orbit, i.e. it has no betatron amplitude. At a certain point it radiates a
photon. Due to the energy loss it starts to oscillate around its new equilibrium orbit. With
zero dispersion, the dispersion orbit and the ideal orbit are identical. The particle is still
oscillating around the closed orbit.
2.3.4 Equilibrium Emittance
After some damping times an equilibrium between damping and quantum excitation is reached.
Due to the stochastic nature of the synchrotron radiation the beam has a Gaussian shape. The
probability for any particle in the beam to be at distance n











For one plane at any place s in the accelerator, the area covered by the one- phase space ellipse
is   " where " is the emittance. The beam size  at a place without dispersion (D(s) = 0)
corresponding to one standard deviation is given by
(s) =
q
"  (s) (2.33)
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 f(lattice) where f(lattice) is given in Eq. A.9 on page 109 (2.35)
where E
0
is the nominal beam energy, J
x
the horizontal damping partition number and f(lattice)
depends only on the lattice. C
q





















As the emittance in an electron storage ring is caused by the dispersion one could assume
that in LEP, as there is no vertical dispersion, the vertical emittance should vanish. Due to
imperfections there is some residual vertical dispersion. The same mechanism which creates the
horizontal emittance then also creates some vertical emittance.
Another eect contributing to the vertical emittance has already been mentioned: The syn-




. For LEP,  is of the order of 10
5
and the emittance created by this excita-
tion is negligible.
A third source contributing to the vertical emittance is coupling of the motions in the transverse
planes: Parts of the horizontal amplitudes of the particles couple into the vertical plane and cause
a vertical emittance. Therefore the actual value of the vertical emittance (neglecting residual
vertical dispersion) is a measure for the coupling (small vertical beam size = low coupling). The







Due to coupling, the `total' emittance due to synchrotron radiation is `shared' between the real



















is the horizontal and "
y0
the vertical equilibrium emittance due to synchrotron ra-






















This is only true if
d
ds
= 0 at the place of interest which is the case in the centre of a quadrupole magnet
and at the interaction points in LEP.
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2.3.6 Damping and Emittance Control
To increase the amount of damping and/or the horizontal emittance, one can use wiggler mag-
nets. They consist of a sequence of alternating bending magnets (see Fig. 2.12). Due to the
alternating positive and negative bending elds one obtains a closed oscillation of the beam.
Therefore the closed orbit outside the wiggler magnet is not changed if the strength of the
wiggler magnet is varied.
S S SN N N N
S SS N SN N
Fig. 2.12: Schematic drawing of a wiggler magnet and the trajectory of a particle traversing it.
If the wiggler magnet is in a region without dispersion, it will provide additional damping by
inducing emission of additional synchrotron radiation photons. If the horizontal dispersion is
non-zero at the location of the wiggler magnet, the horizontal emittance is increased in addition
to the increased damping.
2.4 Losses of Beam Particles
2.4.1 Lifetime
The lifetime of the beam is the (current-normalised) inverse loss rate of the particles. Various
















where N is the number of particles in the beam and I the beam current.
Starting with a current I
0









The lifetime is calculated from the measured beam current. From Eq. 2.40 one can derive


































where i 2 fx; y;Eg (2.43)
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This is the quantum lifetime 
q;i







is a very steep function of n
i









). For typical damping times in electron storage rings, 
q
is of the order of one
hour for n  5:5.
The main contributions to the lifetime in electron storage rings besides the quantum lifetime
are:
 beam gas scattering (elastic and inelastic)
 Compton scattering on photons from the black-body radiation of the beam-pipe (`thermal
photons')
 Touschek/intra-beam scattering (contribution negligible for LEP)
 beam-beam Bremsstrahlung, i.e. low-angle radiative Bhabha scattering
Those which are relevant for LEP are discussed in chapter 4.
In LEP the measured beam lifetime can usually be accounted for by these processes. Sometimes
sudden drops of the lifetime are observed in LEP which are not caused by the processes mentioned
above. The causes of these losses are not always known and often the particles can be lost in
such a way that they create background to the experiments. Often these lifetime drops coincide
with coherent oscillations of the beam. These lifetime drops can be caused by resonances which
can be driven by the beam-beam interaction discussed below.
2.4.2 Collimation
In order not to lose particles at random places in the ring one likes to have a determined aperture
limit. This is done by one or more collimators in each plane. In addition the experiments at
a collider have to be protected from particles lost nearby and from high energy synchrotron
radiation photons originating from the bending magnets and from quadrupole magnets near
the experiments. This task is achieved with several collimators installed on each side of each
experiment. Background control in LEP is very complex and details can be found e.g. in [1,20].
In LEP most particles are lost longitudinally, i.e. they lose so much energy that they are outside
the RF-bucket. Therefore so-called o-momentum collimators are installed in places with high
dispersion where they capture particles with a large momentum deviation. Simulations have
shown the high eciency of these collimators.
2.5 Beam-Beam Interaction
The aim of colliders like LEP is to provide for the experiments a collision rate between particles
as high as possible. The gure of merit for the number of collisions is the luminosity L.
As the colliding particles are charged, their elds interact with the particles of the opposite
beam. This is described by the beam-beam interaction.
Experiments at colliders are looking at processes which have a given probability of happening
in the collision. The number of events N
event
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where 
event
is the cross-section of the reaction (in units of area) and L() the instantaneous
luminosity delivered by the collider. The luminosity is calculated for Gaussian beams and equal





















are the horizontal and vertical beam sizes at the collision point. I is the total
current per beam and k is the number of bunches in one beam (assumed to be the same in both
beams). f
rev
is the revolution frequency.
























is the vertical betatron-function at the collision point and the parameter 
y
is the
vertical beam-beam tune shift. It is discussed in more detail in chapter 8. It is a measure for
the luminosity which is independent of machine parameters.
The beam-beam tune shift depends linearly on the current for low bunch currents. For high
currents there is a saturation such that 
y
stays constant. As the luminosity L is proportional
to the current times the beam-beam tune shift, one gets a dependence of the luminosity on
the bunch current as shown in Fig. 2.13. The point where the beam-beam tune shift starts to


















0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Fig. 2.13: Dependence of the luminosity on the current if the rst beam-beam limit is reached at
0:3mA bunch current.
2.6 Dynamic Aperture
A very practical denition of the dynamic aperture is given in [22]:
The dynamic aperture is the largest amplitude below which all particles survive for
the relevant number of turns.
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The size of the dynamic aperture is limited by non-linearities in the lattice. In LEP, the main
sources of non-linearities are the sextupole magnets used for the correction of the chromatic-
ity. As their magnetic eld varies with the square of the distance to the axis, particles with
large amplitudes get a larger kick in a sextupole magnet. The resulting non-linear motion and
resonances can lead to losses of particles. Therefore particles are only stable up to a certain
amplitude. The limit of stability is called the dynamic aperture.
Ideally an accelerator should be designed such that the limit of stability due to non-linearities
is larger than the physical aperture. However it is not always possible to nd a lattice where




In LEP electrons and positrons travel in opposite directions in the same vacuum chamber guided
by the same magnets. The 26:7 km long ring consists of eight straight sections, each about 500m
long, connected to each other by arcs which have a bending radius of about 3000m. The beams
collide in the four LEP experiments (L3, ALEPH, OPAL and DELPHI). The general layout is


















Fig. 3.1: Schematic map of LEP and its surroundings [23].
In each of the arcs, 31 FODO
1
cells are installed, each with a length of 79m [1]. The 36 quadrupole
magnets in each of the straight sections are used to obtain the desired betatron-function (see
Tab. 3.2 on page 24) and vanishing horizontal dispersion
2
at the interaction point.
LEP is lled at 22GeV beam energy using a detuned or `unsqueezed' optics (

y
 10 cm) and
separated beams. The energy of the beams is then ramped up to an intermediate energy just
1
A FODO-lattice is a regular arrangement of quadrupole magnets and drift spaces or bending magnets. The
distance between two quadrupole magnets is always the same. Every second quadrupole magnet is focusing
in the vertical plane, the others are focusing in the horizontal plane. All quadrupole magnets focusing in the




= 0 everywhere in the ring.
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below 45GeV, where the optics are changed (`squeeze' to 

y
= 5 cm). Then follows a ramp
to the nal beam energy (see Tab. 3.1), where the beams are brought into collision and some
adjustments are made, including closing the collimators by about 20% from the ramp&squeeze
to the physics settings. After that the experiments start to take data until the beams are
dumped.
year beam energy phase












45:6GeV denotes beam energies of (45:6  2)GeV.
Tab. 3.1: The beam energies used at LEP in the dierent years. In 1995 to 1997 a few lls were also
done at 45:6GeV for calibration purposes.
In the original design of LEP four bunches of each particle type are used (4x4, i.e. four bunches
colliding with four bunches). They collide in the even numbered IPs (experiments, see Fig. 3.1)
and are separated vertically by electrostatic separators in the odd numbered IPs to prevent
unwanted collisions at the parasitic crossing points.
In order to reach higher luminosities the so-called Pretzel-scheme was introduced in 1993 [24].
LEP was then operated with eight equally spaced bunches per particle type (8x8). To avoid
unwanted collisions at the parasitic crossing points in the middle of the arcs the beams were
separated horizontally almost everywhere as shown schematically in Fig. 3.2. The horizontal





















Fig. 3.2: Schematic drawing of the Pretzel separation scheme [25]. All crossing points are marked by
small crosses.
In order to increase the number of bunches further, in 1995 the Bunch Train scheme was intro-
24 3. LEP
duced [26]. Instead of the original four bunches, four `trains' of up to four bunches each were
lled into LEP (4*nx4*n, n being the number of bunches in the train). The four trains were
numbered 1 to 4 and the bunches in the train were called a, b, c and d with a being the rst one.
The bunch spacing between two bunches within a train was 241 ns or 87 
RF
(which corresponds
to about 72m and allows up to four bunches per train) in 1995 [27] and 327 ns or 118 
RF
(which
allows only three bunches per train) in 1996 and 1997 [28]. With the Bunch Train scheme, all
parasitic collision points are in the straight sections, requiring a local (vertical) separation. The
performance of LEP with the two dierent separation schemes at 45:6GeV is discussed in [29].
3.2 Lattice and Tunes




lattice [30] which has a horizontal phase
advance of 90

and a vertical one of 60

in the FODO-cells in the arcs. The resulting tunes are
Q
x











lattices were tested. For these lattices the horizontal phase
advance per cell is 108

which results in a smaller horizontal emittance (see Fig. A.1 on page 110).
The horizontal tune for these lattices is Q
x





The tunes of this lattice are Q
x
= 98:28 and Q
y






It was found, that the highest luminosities in LEP are reached if the integer part of the vertical
tune is a multiple of 4 and the horizontal a multiple of 2 but not of 4 [32, 33].
Figure 3.3 shows the betatron-function and phase advance for a part of one octant of LEP for
two dierent lattices. In the arcs the betatron-function varies in a regular way. In the straight
sections it is adjusted to reach certain values at the interaction points (see Tab. 3.2).
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= 2m was used. Later 

x
was `squeezed' at the beginning of physics to 1:5m. At
the odd numbered IPs the values are 

x





The accelerating voltage is provided by copper cavities (operating at room temperature) and
superconducting cavities (operating at 4:2K and cooled by liquid helium). The cavities are
installed in the four straight sections around the experiments (even numbered IPs).
The revolution frequency of LEP is 11:246 kHz which corresponds to about 89s per turn. With
a harmonic number of 31320 the RF-frequency is f
RF
= 352:209188 MHz for the superconducting
cavities which provide the largest fraction of the total RF voltage.
The copper RF-system is running with two dierent frequencies and two dierent harmonic
numbers (due to a system of storage cavities which is used). The lower frequency of the copper
RF-system is the same frequency as the one of the superconducting cavities. The higher fre-
quency is 352:293152 MHz corresponding to a harmonic number of 31324. The mean frequency
for the copper RF is 352:254170 MHz which is often quoted as being the RF frequency of LEP.
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Fig. 3.3: Betatron-functions in a part of one octant of LEP (physics optics) [34]. Only the straight









lattice. The IP is at s = 3332:36m.
The drawings on top of the plots show the magnets and other elements in the region. The
large rectangles in the left half denote the main bending magnets. Thin vertical rectangles
on top of the centre line mark horizontal focusing quadrupole magnets, those below the line
are focusing in the vertical plane. T-shaped lines mark electrostatic separators.
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The synchrotron tune at LEP1 energies is typically q
s
 0:065. At LEP2 energies it is q
s
 0:11.
The bucket height, i.e. the maximum accepted energy/momentum deviation, is about 1:3% at
LEP1 energies and about 1% at LEP2 energies.
With normal running conditions enough RF-voltage is available to reach a quantum lifetime (see
Eq. 2.43 on page 18) of more than 10
3
hours in the longitudinal plane which is much larger than
lifetime contributions from scattering processes.
3.4 Wiggler Magnets
In LEP, dierent types of wiggler magnets are installed:
damping wigglers: They are installed at a location with D
x
= 0. They are used at injection
to reduce the damping time.
emittance wigglers: They are the same type of magnets as the damping wigglers, but installed
at D
x
6= 0. They are used for emittance control during physics.
polarisation wigglers: As the damping wigglers they are used to provide additional damping
at injection. The name is purely historical as they were intended to increase the spin
polarisation of the beam which they failed to do.
3.5 Synchrotron Radiation
The bending radius in the arc dipole magnets (main bending magnets) in LEP is 
0
= 3096m [1].
Table 3.3 gives the resulting critical energies and the energy losses per turn for various beam
energies.
3.6 Damping Times
The damping time depends on the energy loss per turn and on the damping partition numbers
(see Eq. 2.27 on page 15). Table 3.4 gives the damping times in LEP for various energies and
wiggler settings, assuming J
x
= 1, i.e. D = 0.
3.7 Emittances
The horizontal single beam emittance depends on the lattice, the energy and the settings of
the wiggler magnets (and on the horizontal damping partition number, but in the following
J
x
= 1 is assumed). The theoretical horizontal emittance can be calculated with programs like
MAD [13] or WIGWAM [36]. Table 3.5 gives the theoretical horizontal emittances for LEP for
various settings. For beam energies > 80GeV the horizontal emittance depends slightly on the
distribution of the RF-voltage around the ring. The values given are typical values.
The vertical emittance for a single beam in LEP is produced by coupling and residual vertical
dispersion and therefore depends on the coupling compensation and on the dispersion caused by
the vertical closed orbit. In LEP emittance ratios  (see Eq. 2.37 on page 17) of less than 0:5%
have been reached corresponding to vertical emittances below 0:25 nm [37]. Emittances of that












6.7 without wiggler magnets
22.0 7.6
19.2 damping and polarisation wigglers on
45.6 67.9 123.6
65.0 196.7 510.3
80.5 373.7 1:2  10
3
86.0 455.7 1:6  10
3
without wiggler magnets
92.0 557.9 2:0  10
3
97.0 653.9 2:5  10
3






Tab. 3.3: Critical energy E
c
of the synchrotron radiation in the main bending magnets in LEP and
energy loss per turn U
0










[ms] [turns] [ms] [turns]
584.3 6571 292.1 3285 without wiggler magnets
22.0
204.4 2300 102.2 1150 damping and polarisation wigglers on
64.2 722 32.1 361 without wiggler magnets
45.6
57.8 650 28.9 325 emittance wiggler on
65.0 22.7 255 11.3 127
80.5 11.7 132 5.9 66
86.0 9.6 108 4.8 54
92.0 8.0 90 4.0 45
without wiggler magnets
97.0 6.8 77 3.4 38





Tab. 3.4: Damping times and corresponding number of turns in LEP for various energies and wiggler
settings, assuming J
x











2.8 2.0 without wiggler magnets
22.0
43 18 damping, emittance and polarisation wigglers on
12 8.5 without wiggler magnets
45.6












Tab. 3.5: Horizontal emittances for various energies and wiggler settings and for two dierent horizontal
phase advances, assuming J
x
= 1, i.e. D = 0.
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To estimate the beam size , typical emittances of 40 nm in the horizontal and less than 1 nm
in the vertical plane are assumed. As the betatron-function is on average about 80m in both
planes, the average beam sizes are about 1:8mm and 280m respectively. The beam size at the
collision points (assuming 

x
= 2m and 

y
= 5 cm, see Tab. 3.2 on page 24) is 

x




= 7m for the given emittances.
3.8 Collimator Settings
In LEP the collimators are set to positions corresponding to a certain number n

of standard
deviations  of the beam using a nominal emittance "
nom
. This nominal emittance is equivalent
to the maximum emittance encountered at maximum current when beams are just colliding
and during the rst adjustments. Typically these nominal emittances are "
nom x
= 40 nm and
"
nom y
= 4nm for LEP1 energies
3
. In the vertical plane this is much larger than the real
emittance.

















where i 2 fx; yg (3.1)
where 
i
is the betatron-function and D
i





momentum spread of the beam.
The collimators are typically set to 12:5 
x
in the horizontal and 25 
y
in the vertical plane
in the physics settings. With the ramp&squeeze settings they are set to about 17 
x
in the
horizontal and 34 
y
in the vertical plane. The ramp&squeeze settings used in 1996 (17:5=34 











= 2:15  10
 3
p
m. In other years the
settings were slightly dierent, in physics they are typically smaller by about 20% compared
to the ramp&squeeze settings. The 1996 ramp&squeeze settings were used in the tracking
studies described in the later chapters.
3.9 Dispersion and Momentum Compaction
The horizontal dispersion D
x
in the arcs depends on the lattice and in LEP is of the order of










The residual vertical dispersion due to machine imperfections was measured on many occasions
and (for a well corrected orbit) the RMS of the values measured at the beam position monitors
is about 5 to 7 cm RMS
4
[39].
The momentum compaction factor 
C
depends on the dispersion and therefore on the lattice
(see Eq. 2.11 on page 9). Table 3.6 gives the values for the lattices used in recent years in LEP.
3.10 Chromaticity
The natural chromaticity in LEP, i.e. the chromaticity due to the quadrupole magnets, is of
the order of  150: Q
0
x
=  134 and Q
0
y




lattice. A large contribution
3
In 1995 and 1996 40=4 nm have been used. In 1997 35=3:5 nm were used.
4




















(note that the vertical scales are dierent). The drawings on top of the plot are explained in


























Tab. 3.6: The momentum compaction factor for the dierent lattices used in LEP in recent years [31].
to the natural chromaticity comes from the superconducting quadrupole magnets close to the
experiments which are required to focus the beams at the interaction points.
Using sextupole magnets the chromaticity is corrected to values between +1 and +15 depending
on beam conditions. A chromaticity of Q
0
 +1 would be sucient to get rid of coherent
oscillations of the bunches. To get additional Landau-damping to suppress coherent oscillations
caused by the beam-beam interaction one often uses a higher chromaticity.
The chromaticity is only constant over a small range of momentum deviations. The dependence













the number quoted as chromaticity is the derivative at
p
p
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M05P80v2, 90/60 BT optics for 1996 up to 90 GeV
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108/90 bety*=5cm betx*=2.5m 1SF2SD Nov 1996




































































































































































































































































































































































3.12. Beam-Beam Tune Shift and Luminosity 31
For higher energies the bunch currents are higher, as the beam-beam tune shift 
y
is proportional
to 1= and therefore saturates only at higher currents. At the beginning of a 80:5GeV ll typical
bunch currents were close to 500A [37].
At 45:6GeV with eight bunches per beam typical total currents were 4:8mA [30]. For energies
above 90GeV one aims at a total current of 8mA distributed over eight bunches per beam
(500 A per bunch) [35] which has been reached at 91GeV.
The bunch currents are measured by the bunch current transformers (BCT). From the current
changes the lifetime is calculated using a special algorithm which adapts the measurement time




3.12 Beam-Beam Tune Shift and Luminosity
The vertical beam-beam tune shift 
y
at LEP1 energies exceeded 0.04 in some lls and on
average during a ll was more than 0.02 (see Fig. 3.6). Luminosities at the beginning of the lls


















Fig. 3.6: The best and the average vertical beam-beam tune shift 
y
reached at LEP1 [41]. In 1993
and 1994 the Pretzel scheme was used, from 1995 on bunch trains were used.
At 65GeV the largest value of the beam-beam tune shift obtained was 
y
= 0:05 with a lumi-







In 1997 running at 91:5GeV beam-beam tune shifts of 
y







have been reached at the beginning of lls with integrated luminosities of more
than 1:5 (pbarn)
 1






Without beam in LEP the vacuum pressure is of the order of 2  10
 11
Torr. With beam the
situation changes due to the dynamic pressure: The synchrotron radiation produced by the
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beam induces gas desorption from the walls of the vacuum chamber. The dynamic pressure has












Although a pressure of the order of 10
 10
Torr is considered as ultra-high vacuum, there are
still a signicant number of gas molecules in the vacuum chamber (3:3  10
6





4. Beam Lifetime and Scattering Processes
4.1 Lifetime Reduction due to Scattering Processes
4.1.1 Particle Losses
Particles which are lost have a large phase space amplitude. Depending on the plane in which
the amplitude is large, one distinguishes between two types of losses:
transverse losses: The particle is (almost) on-momentum but has a large amplitude in the
horizontal and/or vertical plane. The particle is lost because it is outside the dynamic
and/or physical aperture of the machine due to its transverse amplitude.
longitudinal losses: If a particle has a momentum deviation
p
p
(due to radiating a high
energy synchrotron radiation photon or due to an inelastic scattering process) which is
larger than the height of the RF-bucket it is lost because it is not accelerated correctly by




to the dispersion the particle also has a large horizontal amplitude. In LEP collimators
are installed in the arcs at places with high dispersion to capture these particles (o-



























0 1 2 3 4 5 6 7 8 9
Fig. 4.1: The momentum deviation
p
p
(top, in %) and the horizontal trajectory (bottom, in mm) of
a particle which falls outside the RF-bucket [42]. The `steps' in the momentum deviation
are traversals of RF-cavities. The particle is lost after about 9.5 turns due to hitting an
o-momentum collimator.
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The main contributions to the lifetime in high energy electron-positron colliders are:





Torr. Particles from the beam can scatter on the residual gas molecules.
 For elastic scattering, the particle does not lose energy (Mott scattering, see chap-
ter 4.3.1). The angular kick due to the scattering can be large enough that the particle
eventually hits an aperture limit and is lost from the beam.
 The case of the inelastic scattering where the particle loses energy by emitting a pho-
ton (Bremsstrahlung), is discussed in chapter 4.3.2. The particle can lose a signicant
fraction of its energy in this process.
Compton scattering on `thermal photons': The vacuum chamber of LEP has a tempera-
ture of about 24

C. The photons of the black-body radiation from the vacuum chamber
can undergo Compton scattering with beam particles. The beam particles can lose up to
several percent of their energy in this process (see chapter 4.2). In LEP for a single beam
this is the largest contribution to the lifetime (about 60 hours, depending on the beam
energy).
Touschek/intra-beam scattering: If the `density' of particles inside a bunch becomes too
large, scattering processes between particles inside the bunch can start to play a role. The
process depends on the distance between two beam particles in their rest frame. Due to
the high beam energy, this distance is very large in LEP (  10
5
), therefore this eect
can be neglected.
beam-beam Bremsstrahlung: A beam particle can radiate while colliding with a particle
from the opposite beam in the interaction region of the experiment (see chapter 4.4). This
process is also called low-angle radiative Bhabha-scattering. In LEP with colliding beams
this is the main contribution to the lifetime of the beams (10 to 20 hours, depending on
the luminosity and the beam energy).
4.1.3 Particle Losses due to Scattering Processes
In the elastic scattering the particles only get an angular kick, whereas in the inelastic scattering
they lose energy as well. As long as the angle # due to elastic scattering is much smaller than
the divergence 
0
of the beam at the position of the kick, we can neglect its eect on the lifetime
and the beam prole. If #  
0
, the particle might be on an unstable trajectory due to the
scattering and hit an aperture limit. The angular acceptance in terms of an angle depends on
the square root of the betatron-function. In addition, the size of the beam pipe varies and some
collimators are put close to the beam. Therefore the maximum accepted angle is not a xed
value which makes estimates of the lifetime due to elastic scattering dicult.
For the lifetime due to inelastic scattering one has to take into account the particles which lose
an amount of energy exceeding the longitudinal acceptance of the machine. These particles are
outside the stable region of the longitudinal phase space and are lost. Even if the energy loss is
such that the particle stays within the longitudinal acceptance, it can be lost if it has in addition
a large transverse amplitude and falls outside the dynamic or physical aperture.
If the particles are lost close to one of the experiments they can create background to the
experiment. In LEP the collimation system is designed to scrape o those particles, which will
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be lost anyway, before they reach an experiment. This works well [20], except for occasions with
bad vacuum pressure very close to an experiment where no collimators are available to shield
the experiment from the scattered particles.
4.1.4 Calculation of the Lifetime from Scattering Processes
The calculation of the lifetime due to a scattering process starts with the cross section 
scatter
of the process. The scattering probability per unit length P
scatter
is obtained from the density
of the particles 
m
on which the scattering occurs (residual gas atoms/molecules, photons, etc.)















introduced. The lifetime caused by the process is then given by (assuming that the beam


















The scattering processes which are relevant to LEP are now discussed in detail. The processes
are the same for electrons and positrons.
4.2 Compton Scattering on Thermal Photons
Compton scattering is the inelastic scattering process between an electron and a photon. In
LEP most of the photons originate from the black body radiation of the beam pipe (thermal
photons).
4.2.1 Thermal Photons
A black body emits radiation according to Planck's law. The density and energy distribution of


































T is the absolute temperature of the black body in Kelvin (about 300K for the beam pipe of
LEP). A schematic plot of the spectrum for four dierent temperatures is shown in Fig. 4.2.














The average energy of the photons hi is:
hi = 2:7 k
B





































Fig. 4.2: Spectrum of the photon energies of the black-body radiation for dierent temperatures.
At room temperature (T  300K) the average photon energy is about 0:07 eV, i.e. 12 orders of
magnitude smaller than the beam energy of LEP.
























which for room temperature (T  300K) gives about n
P






Even if the scattering process happens between a low energy photon and a high energy electron as
is the case in LEP, the electron can lose a considerable amount of energy in the process which will
be carried away by the backscattered photon. This was rst considered in astrophysics [44, 45]
before V. I. Telnov applied it to high energy particle accelerators [43]. As the eect depends
on the electron energy, LEP is the rst accelerator where the Compton scattering on thermal
photons contributes signicantly to the lifetime of the beam.
The process of Compton scattering is described for an electron at rest. Therefore we perform a
Lorentz transform to shift the photon into the rest frame of the electron. The rest frame of the
electron is denoted by







= k (1   cos ) (4.7)
where  is the scattering angle in the rest frame of the electron.
For LEP (assuming  = 10
5





GeV, very small compared to the electron energy although the photon `gains' about a
factor of  in energy due to the Lorentz boost.
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where x is the ratio of the energy of the scattered photon k

0




















x reaches its maximum of one for forward scattering. Its minimum (for cos# =  1) is given by
x
min
























which is about 0.95 for LEP1 energies and about 0.9 for the energies of LEP2.
When the photon is transformed back into the laboratory system, it `gains' another factor of 
in energy such that k
0




 k which gives about 0:7GeV for a beam energy of 50GeV.
Due to the Lorentz boost, the scattering angle of the electron is very small in the laboratory
frame (they are of the order of a tenth of a rad, i.e. much smaller than the divergence of the
beam). The scattering angle can therefore be neglected.
The spectrum of backscattered photons was measured in LEP [46]. The results agree well with
the predictions.
4.2.3 Lifetime due to the Thermal Photons
Not all particles undergoing Compton scattering are lost. Some lose only a negligible fraction
of their energy, whereas others lose up to several GeV in the process and are lost after a few
betatron oscillations.
To estimate the contribution of the Compton scattering on the beam lifetime, the spectrum of
the energy loss of the electrons has to be taken into account: To study the spectrum a Monte
Carlo technique which simulates the scattering is used (see appendix B.2 and [47]). Figure 4.3
shows the spectrum of the energy loss in percent of the beam energy for dierent beam energies.
Using the simulated spectra one can nd out which fraction of scattered particles is outside the
longitudinal acceptance of the machine, which, in combination with the total cross section of
the process and the photon density, gives a good estimate of the lifetime due to the Compton
scattering.
Due to the complexity of the process it was so far impossible to nd an analytical expression
for the fraction of particles which will lose more energy than a certain value, although several
groups have already worked on the problem, see e.g. [48, 49].
For the Compton scattering on thermal photons in LEP the probability to scatter is 1=26:17 in-





is so large, it is not necessary to consider multiple scattering.
















is the fraction of particles which are actually lost due to the scattering. F
lost
depends
on the energy acceptance of the accelerator and cannot be determined analytically. One has to
generate a sucient amount of events using the Monte Carlo generator [47] and then determine
the fraction of events where the energy loss is larger than the energy acceptance of the machine
(for LEP 1 to 1:3%). Depending on the beam energy F
lost
is of the order of one third, leading
to lifetimes of the order of 60 hours for LEP.












Fig. 4.3: Energy loss due to Compton-scattering on thermal photons at LEP for dierent beam energies
calculated with the Monte Carlo generator described in appendix B.2. The energy loss is given
in percent of the beam energy. 10
5
photons were created and `scattered' for each beam energy.
The typical energy acceptance of LEP is between 1 and 1:3% depending on the beam energy.
Note that the y-scale is logarithmic.
4.3 Beam-Gas Scattering
4.3.1 Mott Scattering
Mott scattering is the extension of Rutherford scattering for relativistic particles. It describes
the elastic scattering of high energy charged particles on a nucleus. The cross section diers from
the Rutherford cross section only for large scattering angles (which have a very low probability).
The scattering process changes only the trajectory of the scattered particle but not its energy.























where Z is the number of protons in the nucleus on which the scattering occurs and  the ne




# is the scattering angle.
For # = 0 the cross section diverges. Therefore one integrates only over angles larger than a
minimum scattering angle #
min


























It would not make much sense to study scattering angles which are much smaller than the
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divergence of the beam (i.e.
p
"=  1rad for LEP). This is much larger than limits on the
minimum scattering angle from nuclear physics considerations.
For small values of #
min




























In LEP the residual gas consists mainly of CO and N
2
, on average with Z = 7. According to




) for a beam energy of
45:6GeV and #
min
= 100rad which is slightly smaller than the average angular acceptance of
LEP.
Assuming the nominal emittances used for the collimator settings ("
x
= 40 nm and "
y
= 4nm
in 1996) and the collimators set to 12:5  in the horizontal and 25  in the vertical plane, the
average acceptance using an average  = 80m would be 280 rad in the horizontal and 177rad
in the vertical plane.















= 1:6  10
 3
p

















= 179rad in the vertical plane.
With two atoms per molecule (CO or N
2
) and a pressure of 10
 10
Torr, the scattering probability
for each beam particle, using #
min
= 100rad, is P
Mott





to a lifetime (see Eq. 4.2 on page 35) 
Mott
= 16:66  10
6
s = 4629 hours. As in the Compton
scattering, multiple scattering can be neglected.
The lifetime dependence on #
min




























Scattering probabilities converted to lifetimes for various minimum scattering angles calculated






22GeV 45:6GeV 65GeV 96GeV
1rad 0.11 0.47 0.94 2.1
10rad 11 47 94 210
100 rad 1100 4700 9400 21  10
3








Tab. 4.1: Lifetime due to Mott scattering for typical LEP vacuum conditions (Z = 7 and p =
10
 10
Torr) for dierent minimum scattering angles #
min
and dierent beam energies, as-
suming that all scattered particles are lost.
The rate of lost particles can be estimated by tracking the scattered particles. Using the tracking
code DIMAD [52], the simulation of the scattering described in appendix B.3.1 and a minimum
scattering angle #
min
= 100rad, one obtains that 112 out of 796 tracked particles are lost. For
a pressure of 10
 10
Torr this gives a lifetime of 33:3  10
3
hours at 45:6GeV or 146  10
3
hours at
96GeV. For all practical purposes the contribution of Mott scattering to the beam lifetime in
LEP can therefore be neglected.
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4.3.2 Beam-Gas Bremsstrahlung
Bremsstrahlung is the process where a particle radiates a photon while it is deected by another
charged particle. In the case of beam-gas Bremsstrahlung at LEP, the particle which causes the
electron to radiate, is the nucleus of a residual gas atom. The electron can lose a signicant
amount of its energy in the process and as a result it can be lost from the beam.
As the electron cloud of the atom screens the charge contained in the nucleus, the main contri-
bution comes from very small impact parameters, therefore implying an eective cut-o for low
momentum transfer. The equations given here include the screening. k denotes the energy of







































To simplify the equation the `radiation length' X
0
normalised to the density of the material is
dened.
In most circumstances where Bremsstrahlung has to be considered, one is dealing with a dense
material and therefore multiple scattering of the traversing electrons. The radiation length is
the distance after which the particle has on average
1
e


























gives the number of atoms or molecules per gramme. Usually X
0
is tabulated, but it can be
estimated with the following expressions [53]:
L
rad






 log(1149  Z
 2=3
) (4.19)
Using Eq. 4.17 we can now rewrite the partial cross section (neglecting the second term in the






















A schematic plot of the photon spectrum is shown in Fig. 4.4.
Equation 4.20 diverges for k = 0. Therefore it is integrated only from a minimum energy
loss k
min
































We can now estimate the cross section for Bremsstrahlung processes where the electron will
be lost from the beam: Assuming that the minimum energy loss corresponds to the energy
acceptance, i.e. k
min
= 1:3%, the cross section for CO or N
2
(Z = 7) becomes 
lost
= 6:07 barn.






Torr) we obtain a life-
time 
BGBrems
= 514 hours which is signicantly longer than the lifetime due to the Compton
scattering on thermal photons but not completely negligible.
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Fig. 4.4: Schematic spectrum of the photon energies from the beam-gas Bremsstrahlung. The x-axis
is the energy of the radiated photon k in units of the beam energy. The y-axis is in arbitrary
units proportional to the number of radiated photons.
Tracking scattered particles with DIMAD using k
min
= 0:1%, 470 out of 796 tracked particles
were lost. The corresponding lifetime is 512 hours which agrees well with the value of 514 hours
above.
In addition to the energy loss the particle gets an angular kick. The angular distribution of the










This distribution of the polar angle peaks at # =
1

which is of the order of 10 rad for LEP.




















A schematic plot of the angular distribution is shown in Fig. 4.5. As the scattering angles
are not negligible compared to the beam divergence they have to be taken into account in the
simulation.
4.4 Beam-Beam Bremsstrahlung
In the collisions at the interaction points several processes occur (production of Z or W

bosons,
elastic Bhabha scattering, etc.). Only one process contributes signicantly to the lifetime of
the beams, the beam-beam Bremsstrahlung
1












Not to be confused with the so-called Beamstrahlung which is synchrotron radiation induced by the deection
due to the electromagnetic eld of the opposite bunch in the collision. Beamstrahlung is only relevant in
linear colliders where the particle density at the interaction point is much higher than in a circular collider.
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Fig. 4.5: Schematic plot of the angular distribution of the photons from beam-gas Bremsstrahlung for
 = 10
5
, i.e. about 50GeV. The peak of the distribution is at 10rad. Note that the vertical
scale is logarithmic.
The process has a fairly large total cross section of about 0:3 barn [56, 57].
Many beam particles lose a large fraction of their energy in this process. If they fall out of the


















is the lifetime of a single beam and 
BB
is the lifetime contribution of the beam-
beam Bremsstrahlung. For colliding beams in LEP this is in fact the largest contribution to the
lifetime of colliding beams.
The full cross section is rather complicated and as for the tail production mechanisms we are
mainly interested in the energy loss of the particles (the scattering angle being small compared
to the beam divergence at the interaction point 
0
 140rad), only this part of the cross
section will be discussed here. The full treatment of the problem for LEP is described in [58].


























which depends on a cut-o distance d.  is the ne structure constant, r
e
the classical electron
radius and k the energy of the photon in units of the beam energy.
The cut-o distance d corresponds to the distance between two electrons/positrons inside a
bunch (in the rest frame of the bunch) and to the vertical beam size at the interaction point.
The cut-o is needed because the particles inside the bunch shield each other such that the
Bremsstrahlung will mainly occur between an electron and a positron passing each other closer
than that distance. This is consistent with the cross section measured at LEP, which is 0:21 barn
(corresponding to d = 3:3 m [58]).
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where n
IP
is the number of collision points (in LEP n
IP
= 4), N the number of particles in
the beam, f
rev
the revolution frequency and I the total current for one beam consisting of b
bunches (I = b  i
b
). L is the luminosity (see Eq. 2.45 on page 20). 
loss
is the total cross section
leading to a loss of the scattered particle from the beam. 
BB
is inversely proportional to 
y




























Table 4.2 gives the lifetime due to beam-beam Bremsstrahlung for LEP for various energies
and beam-beam tune shifts. As the beam energy increases the lifetime decreases signicantly,






45:6GeV 65GeV 80:5GeV 96GeV
0.03 22.2 15.6 12.6 10.5
0.04 16.6 11.7 9.4 7.9
0.05 13.3 9.3 7.5 6.3
Tab. 4.2: Lifetime due to beam-beam Bremsstrahlung for typical LEP energies and beam-beam tune
shifts 
y
. The numbers are calculated using Eq. 4.28.
4.5 Beam Lifetime in LEP
The single beam lifetime in LEP is dominated by the Compton scattering on thermal photons.
This contribution is of the order of 60 hours and giving smaller lifetimes for higher beam energies.




For a pressure of 10
 10
Torr the contribution from Bremsstrahlung on residual gas is of the order
of 500 hours. If the pressure is higher by one order of magnitude on average around the ring
this leads to a signicant reduction of the lifetime. This has been observed, as the single beam
lifetime is signicantly reduced by vacuum leaks.
The lifetime for colliding beams is dominated by beam-beam Bremsstrahlung. Depending on
the beam energy and the beam-beam tune shift the lifetime is typically between 10 and 20 hours.
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5. Beam Loss Monitors and Tail Scans
Tail scans allow to study the beam prole in the regions far away from the core of the beam. A
scraper is moved closer to the beam in steps and at each step the lifetime of the beam or the loss
rate is measured. This method usually uses the lifetime measurement to determine the loss rate
(see e.g. [12]). In 1992 S. Zholents suggested tail scans as a means to study beam-beam induced
tails [60]. He suggested to use a scintillator to measure the local loss rate at the collimator
instead of the lifetime measurement. The scintillator allows to measure loss rates which are
much smaller than the loss rate detectable using lifetime measurements.
5.1 Beam Loss Monitors
First measurements in LEP were done in 1992 using a scintillator as detector [61], but no
systematic studies were done. Since 1994 beam loss monitors of the PIN diode type have been
used to measure the loss rate. All measurements presented here were done using the PIN
diode loss monitors unless stated otherwise
1
. Since the summer of 1995 a program has been
available which automatically moves the collimator in steps and at each step reads out the loss
monitors [62]. Before, this was done `by hand' which took much longer.
5.1.1 PIN Diodes
The beam loss monitors using PIN diodes were developed at DESY [63]. A loss monitor consists
of two PIN diodes which are sensitive to charged particles. A charged particle passing through
the PIN diode ionises the material along its track and thereby produces a signal. To suppress
electronic noise and background from synchrotron radiation only a coincidence signal from two
diodes is counted as a signal.
A PIN diode consists of dierently doped layers of silicon. A schematic cross section of a PIN
diode is shown in Fig. 5.1. A voltage is applied to the diode (reverse-biasing, in the case of the
LEP beam loss monitors with 24V). If a minimal ionising particle (MIP) traverses the diode (as
marked in Fig. 5.1), it creates pairs of electrons and positively charged `holes'
2
. The electrons
move towards the anode, the holes towards the cathode. The resulting current is then measured.
If one uses only one diode, one would get very high noise rates of about 1 kHz due to thermal
noise. Therefore one uses two diodes glued together such that minimal ionising particles coming
from the expected direction cross both diodes. When both diodes give a signal in coincidence,
this is counted as a lost particle. This reduces the noise level to about 0:01 Hz without decreasing
the sensitivity signicantly. As the integration time per measurement is about one second, this
noise is negligible.
1
Throughout this thesis I will often refer to the PIN diode type loss monitors simply as `loss monitors'.
2



























(`small' diode). It is about 300m thick [64].
To use the coincidence signal has an additional advantage: Soft photons from the synchrotron
radiation will produce a signal in only one of the two diodes. As long as the photon rate is not
too high this suppresses the background due to synchrotron radiation photons.
The loss monitors only give a binary signal and the passage of many particles through the PIN
diodes gives the same response as the passage of a single particle. Therefore one can use them
only for loss rates where not more than one particle is detected at the same bunch crossing.
The maximum rate which theoretically can be measured is about 13MHz. This is much higher
than the highest possible rate at LEP, which is the bunch crossing frequency of about 45 kHz.
The read-out electronics of the loss monitors which are used in LEP are not fast enough to
resolve dierent bunches in a train. Therefore most dedicated measurements were done with
only four bunches per particle type, to avoid saturation of the loss monitors due to too high
currents per train.
At DESY the detection eciency of the beam loss monitors for minimal ionising particles was
measured twice. The eciencies are 
BLM
= (60  5)% [65] and 
BLM
= (34:8  1:9)% [66].
The exact value is not relevant for the measurements presented here, as the LEP beam loss
monitors are calibrated using the measured lifetime as described in chapter 5.1.8.
5.1.2 The LEP Beam Loss Monitor System
Most of the loss monitors in LEP are installed close to collimators in order to measure the rate
of particle losses at these collimators [67]. Usually they are installed such that they are sensitive
to only one particle type
3
as can be seen in Fig. 5.2. A particle hitting the collimator jaw will
produce a shower of secondary particles. The energy is sucient that some charged particles
can reach the loss monitor installed behind the collimator. We assume that the probability of
being detected is the same for all lost particles wherever they hit the collimator.
Since 1995 about 100 PIN diode beam loss monitors have been installed in LEP. Most of them
were installed in the straight sections around the experiments. Additional loss monitors were
3
The crosstalk is much less than 10%. It was 1 to 2% measured with a single positron beam at 22GeV. With
a single beam at 45GeV the crosstalk was below 1% except for high loss rates close to saturation.






Fig. 5.2: Schematic drawing of a horizontal collimator with the PIN diode beam loss monitors and the
scintillators on both sides. For the vertical collimators the installation is just turned by 90

.
The vacuum chamber at the collimators used for the tails scans is 70mm high and 130mm
wide. The collimator jaws are 30 cm long and typical openings with the ramp&squeeze
settings are 20mm for the vertical and 30mm for the horizontal collimator, corresponding to
settings of 10mm and 15mm.
installed near IP5 mainly at the aperture limiting collimators. They were used for the tail
scans but also to monitor the loss rate at the aperture limit. Figure 5.2 shows schematically
the installation of the loss monitors at the horizontal aperture limiting collimator where also
scintillators are installed. Typically there is one monitor on each side of the collimator, except
for the tail scan collimators where one has two on each side, which have diodes of dierent size.
The data from all loss monitors is logged once per minute in the `measurement database'.
It is not useful to install the loss monitors in the arcs of LEP due to the high level of synchrotron
radiation. The monitors there are already close to saturation simply from the photons (using
a lead shielding of 5mm). A thicker lead shielding slightly reduces the rate from the photons,
but the sensitivity for charged particles and therefore for particles lost from the beam is also
reduced. It was found that a shielding, which reduces the photon background to a useful level,
reduces the sensitivity for electrons too much.
The loss monitors at the horizontal aperture limit at IP5 are not plagued by synchrotron radi-
ation, as they are located in the middle of the straight section, as far away from the dipoles as
possible. Up to beam energies of 92GeV no signicant background due to synchrotron radiation
has been observed. In the vertical plane some problems due to synchrotron radiation have been
encountered due to the position of the collimator as is described below in chapter 5.2.
5.1.3 Scintillators
The scintillators which are used have a size of 10 times 10 cm
2
. They are 1 cm thick and made
of NE102 [68]. The signal used is the maximum value during a gate of 500 ns at each bunch
passage and digitised using a 12bit ADC. The values measured over 500 turns are averaged [69].
To protect the scintillators from synchrotron radiation, they are covered by a 3mm thick lead
shielding [61].
An on-line display of the readings is available in the control room which is updated with a rate
of 2Hz [69]. The scintillators are often used in case of lifetime problems to determine if the
losses occur in the horizontal or the vertical plane. When they are used for the tail scans they
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are read out every 3 to 4 s. The data is not logged, except during tail scans.
5.1.4 Simulations of the Eciency of the Beam Loss Monitors
The eciency mentioned so far is only the eciency of the detector to detect a minimum ionising
particle traversing it. In LEP it is more interesting to know the eciency for detecting a lost
electron/positron and how this eciency depends on the position of the loss monitor with respect
to the collimator.
These studies were done by K. Wittenburg from DESY (who had developed the PIN diode loss
monitors) and T. Spickermann. The results are reported in detail in [67].
The aim of these studies was to nd an optimum shielding and an optimum position for the loss
monitors near the collimators. In addition the measured calibration can be compared to the one
obtained from the simulations.
The eciencies obtained from the simulation depend strongly on the position of the beam loss
monitor with respect to the beam pipe and the collimator. The simulations give eciencies of
0:15% to 5% for each particle lost at the collimator (using the big diodes) [67]. This agrees well
with the measured eciencies (see chapter 5.1.8).
To study the optimum position, simulations were done to nd out the directions of the secondary
particles in the shower. Figure 5.3 shows all minimal ionising particles (MIPs) produced by
1000 particles hitting the collimator jaw. Many MIPs are particles which are backscattered.
Most of these will actually stay inside the beam-pipe (at least for some meters). Behind the
collimator jaw is a wider cone of particles which makes this a good location for the loss monitors.
5.1.5 Correction for Saturation Eects





, which in LEP is about 45 kHz. For counting rates close to saturation the
loss rate will be underestimated. With Poisson statistics the saturation eects can be corrected
when the counting rate is close to but not identical to the bunch crossing frequency [70].
To apply Poisson statistics one has to assume that if the probability to detect a single lost
particle is p, the probability to detect two particles lost at the same time is exactly 2  p. This
hypothesis is supported by the results from the measurements as is shown below. In addition
the bunch currents for each particle type have to be about equal, as it is assumed that the loss
rate from all bunches of the same particle type is the same. This is usually the case.
Not all particles lost at the collimator during the integration time (typically 1 s) are detectable.
Let us call the number of detectable particles
4
during the integration time l. Note that l can
be bigger than the number of bunch passages F during the integration time. The number of
observed hits h is equal or less to l and also less or equal to F .
The total number of observed hits h depends on the number of detectable particles l and the
number of bunch passages F according to Poisson statistics:










The detection eciency 
BLM
is already included in this number.
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Fig. 5.3: Spatial distribution at a distance of 1m of secondary MIPs produced by 1000 primary particles
hitting a collimator [67]. The primary particles originate from the right front side (0,  150, 0)
and hit the collimator at (0, 0, 0). The scales are in cm.
As we are interested in the number of detectable particles l, this can be expressed as:







Figure 5.4 shows the relation between h and l. Table 5.1 gives some examples for dierent
loss rates as well as the dierent contributions to the error of the measured loss rate which are
discussed in chapter 5.3.
5.1.6 Comparing Dierent PIN Diode Sizes
At some collimators two loss monitors with PIN diodes of dierent size are installed together on





sensitivity should be proportional to the size we expect the larger diodes to be more sensitive
by about a factor of 13. For the smaller diodes the overlapping area is less than their actual
size and therefore the `active' size is less. From this we expect a factor of 15 to 20 instead of 13.
Typically the measured sensitivity ratio is about 20. Using both diodes at the same collimator,
the dynamic range of the loss monitors can be enlarged by one order of magnitude.
The two dierent diodes can be used to check the linearity of the measured loss rates by compar-
ing their measured rates. In Fig. 5.5 on page 50 the loss rates measured with the small and the




































Fig. 5.4: The number of hits h versus the number of detectable particles l for F = 45000 on a linear
(left) and logarithmic (right) scale.
large diodes are compared for the same collimator and particle type. Both rates are corrected
for the saturation according to Eq. 5.2. The measured loss rates are linear over several orders
of magnitude.
The knowledge of the linearity is important. The loss monitors only give a loss rate in counts
per second. To convert this to a lifetime, they are calibrated using the lifetime measurement
at high loss rates, i.e. low lifetimes. At a lifetime below 20 hours and high bunch currents the
bigger diodes are already saturated. Therefore sometimes only the small diodes were calibrated
and then the linearity was used to calibrate the big diodes.
5.1.7 Comparison with a Scintillator
In addition to the loss monitors scintillators are installed close to some collimators. The scin-
tillators work in a dierent way from the PIN diode loss monitors. Although the data from the
scintillators is not updated as often as that from the loss monitors such that only for about every
observed hits h 10 500 10000 44000
no hits h = F   h 44990 44500 35000 1000
corrected rate l 10.001 503 11309 171300
statistical error (l)
stat
3.163 23 129 9439













=l 32 % 4.6 % 1.1 % 5.5 %
Tab. 5.1: Examples for F = 45000 bunch passages which corresponds to four bunches in LEP and an
integration time of about 1 s. F is the error on the number of bunch passages due to the
error on the measurement of the integration time. For the numbers given here F = 45 has
been used which is a typical value if F = 45000. (l)
stat
is calculated according to Eq. 5.4
on page 59. The table is taken from [70].




























Fig. 5.5: Correlation between corrected loss rates (in counts per bunch crossing) for small and big
diodes during one ll. The two dierent symbols ( and ) are for the two dierent jaws. The
line marks what one would expect for a factor of 30 between the eciencies. For high loss



























Fig. 5.6: Correlation between corrected loss rates for the beam loss monitors and the rates measured
with the scintillator for one ll. For the scintillator a constant background due to synchrotron
radiation has been subtracted (typically of the order of 10 at 45:6GeV on the scale used here).
The line corresponds to a factor of 1000 between the readings from the scintillator and the
rate measured with the loss monitor. Dierent symbols refer to dierent jaws.
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third value from the loss monitors one has a value from the scintillators, they allow a useful
cross check.
The synchronisation between the two instruments is not perfect. Nevertheless comparison of the
data from the two complementary instruments shows that they are linear over several orders of
magnitude. Figure 5.6 shows the correlation between data from various tail scans from a loss
monitor (corrected for saturation eects according to Eq. 5.2 on page 48) and a scintillator. The
good agreement demonstrates the validity of the assumptions made for the correction of the loss
monitors. This is also supported by results from the calibrations (see below).
5.1.8 Calibration of the Beam Loss Monitors
To be able to compare the results from the tail scans with simulation results, one needs a
calibration factor which converts the measured counts per second to an inverse lifetime (in
inverse hours). The calibration for the horizontal loss monitors at IP5 done in 1996 is given as





lattice at 45:6GeV. LEP was lled with only 4 bunches of positrons. The total
current at the time of the tail scans was about 0:38mA, i.e. the bunch currents were very low,
which made it possible to calibrate both diodes (the big diodes saturate for high currents and
low lifetimes).
The calibration was done in the following way: Using a beam with a large emittance of about

x
= 112 nm (measured by the synchrotron light monitors BEUV (see chapter 5.4); emittance
wiggler fully on; f
RF
=  150Hz, which increases the emittance, see Eq. 7.2 on page 77) a
tail scan was done with the `internal' jaw, i.e. the jaw which is at the side towards the centre of
LEP. The data used for the calibration is given in Tab. 5.2.
The loss rates corrected for the Poisson statistic and normalised to current and integration time
are given in Tab. 5.3, together with the lifetimes measured by the bunch current transformers
(BCT).
The correlation of the loss rate versus the inverse lifetime is shown in Fig. 5.7. From the
measured inverse lifetime one has to subtract the contribution which does not come from the












. If the t then gives a large oset, either the contribution was
wrongly estimated or a signicant background due to synchrotron radiation leads to bad results
from the beam loss monitors. From the ts one can see that the estimate of the beam lifetime
without scraping is good, as the oset is very small. The calibration factor corresponds to
185 lost particles per count for the big diodes. In 1995 the loss monitors were installed closer
to the collimator than in the following years (in between the housing of the collimator and the
bellow, see Fig. 5.8). At that position the sensitivity was one count per three particles lost at
the collimator.
In each calibration one can only calibrate one particle type because slight dierences in beam
size lead to signicant dierences in the lifetime from scraping. One beam would be lost while
the lifetime of the other one is still above 20 hours. Losing the whole beam on the collimator
can damage the collimator and should therefore be avoided.
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collimator integration
position





 8:0 841 29 23752  154 940
 7:8 1294  36 30972  176 937
 7:7 1462  38 33373  183 941
 7:6 1787  42 36201  190 939
 7:5 2398  49 39122  198 943
 7:4 3238  57 40547  201 934
 7:3 4158  64 41753  204 941
 7:2 5665  75 42136  205 940
Tab. 5.2: Data from the loss monitors used for the calibration.
collimator rate at rate at measured
position small BLM big BLM lifetime
[mm] [counts=(s mA)] [counts=(s mA)] [hours]
 8:0 2341 77 96131 911 7:0 2:0
 7:8 3634 96 154680 1719 4:5 0:5
 7:7 4096 103 180993 2237 4:5 0:5
 7:6 5038 114 226684 3448 3:5 0:5
 7:5 6781 134 297678 6591 2:5 0:5
 7:4 9346 160 390882 14930 2:0 0:5
 7:3 12049 185 500593 38839 1:6 0:2
 7:2 16763 225 658271 150958 1:2 0:2
Tab. 5.3: The corrected and normalised loss rates and lifetimes used for the calibration.
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Fig. 5.7: The calibration curves for the small (left) and the big (right) diodes. The errors on the lifetime
were probably overestimated.







Fig. 5.8: Schematic drawing of a horizontal collimator with a beam loss monitor on one side (side
view). The loss monitor is mainly sensitive to particle showers caused by particles coming
from the right and hitting a collimator jaw. For the vertical collimators the whole setup is
simply turned by 90

. The collimator housing is about 35 cm long. The space between the
housing and the bellow is about 5 cm and the bellow has a length of about 20 cm.
5.2 Tail Scans in LEP
The horizontal tail scans in LEP are performed using the horizontal aperture limiting collimator
COLH.IP5. This collimator is located exactly at IP5 (the naming scheme for the collimators is
explained in chapter 6.3). The beams are separated vertically in this collimator, but it has been
shown that the vertical beam position in this collimator does not inuence the measured loss
rate (see chapter 5.2.3).
In the vertical plane a dedicated scraping collimator is used. During 1995 and 1996 it was
located close the the quadrupole QL9.R5 in the straight section near IP5. This position is close
to the arc and in addition close the largest excursion of the closed orbit in a quadrupole magnet
due to the bunch train (B.T.) bump (in QL5.R5, see Fig. 5.9). The bump has to be decreased to
25% of its strength to avoid hitting the collimator at QL9.R5 at its ramp&squeeze setting with
the synchrotron radiation photons. In addition at this place the vertical betatron-function is
very small (
y
 20m). At energies above 45:6GeV measurements using this collimator suered
severely from synchrotron radiation background which could not be cured by an additional
lead shielding without losing too much of the signal. In addition the background depended
strongly on the position of the collimator jaws and the beam size, which made it impossible to
subtract it from the data. Therefore a new collimator was installed at the adjacent quadrupole
QL8.R5 where the betatron-function is much larger (
y
 70m) compared to the old position
at QL9.R5. Another collimator was installed at QL7.R5 at a location with a smaller betatron-
function (
y
 60m) in order to protect the new tail scan collimator at QL8.R5, together with
the old scanning collimator COLV.QL9.R5, from synchrotron radiation (see Fig. 5.9).
The tail scans are done by moving the collimator in steps, and reading the data from the loss
monitors for one second at each step. The scintillators are read out at about every third step.
The step size, the range of the scan and the integration time of the loss monitors can be changed.
A typical step size for the horizontal tail scans is one tenth of a mm which corresponds to about
a tenth of a standard deviation of the beam. An automatic scan typically takes about two
minutes per jaw. The results from each scan are written to a separate le. All tail scans shown
in this thesis were done using the software for the automatic scans [62], except the measurements
from 1994 and the very rst measurements from 1995, which were still done `by hand', therefore
taking much longer and having less points.
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LEPSHUT96_6, data of 17-May-96, run_scheme : SUP_96_6
MAC_OS version 7.5.3 30/09/96 17.04.03
100 % B.T. bump




























Ecr  0.25 MeV
Fig. 5.9: Collimator set-up around the vertical tail scan collimators showing the problems due to syn-
chrotron radiation and the solution using two additional collimators [15]. The schematic
drawing at the top shows the location of the quadrupole magnets in the relevant region to
show which quadrupole magnet is causing the high level of synchrotron radiation measured
with the loss monitors. The synchrotron radiation cone is shown for two dierent settings of
the bunch train (B.T.) bump (25 and 100%).
5.2.1 Expected Results
Tail scans measure the number of particles which are at an amplitude larger than the position of
the scraping collimator, which is not the same as the beam prole measured by the synchrotron
light monitors (see chapter 5.4). Assuming a purely Gaussian beam prole, the quantum life-
time 
q;i
due to scraping at n
i
times the beam size 
i















where i 2 fx; y;Eg (5.3)






is the damping time in the corresponding plane.
Table 5.4 gives some examples of the quantum lifetime for LEP.
The loss rate is measured with the loss monitors in dependence of the position of the collimator.
Then the position of the collimator (in n













m)) is plotted versus the loss rate, which can be
converted to an inverse lifetime using the measured calibration factor (see chapter 5.1.8). For a
Gaussian beam, according to Eq. 5.3, one would expect a steep slope with (for typical damping
times in LEP) a lifetime of one hour for a collimator position corresponding to about 5:5 . This
is shown schematically in the left plot of Fig. 5.10.













5.0 0.89 0.15 0.09
5.5 11.2 1.87 1.12
6.0 182 30.4 18.2
6.5 3:83  10
3
639 383






Tab. 5.4: Quantum lifetime according to Eq. 5.3 for damping times 
x
corresponding to beam
energies of about 45:6GeV (60ms), 80GeV (10ms) and 100GeV (6ms) in LEP.
During a tail scan the collimator can be moved until lifetimes of the order of one minute are
reached, corresponding to about 5 for a Gaussian beam prole. Shorter lifetimes would lead
to a loss of the beam as the measurement time at each step is about 1 s.
Scattering processes or the beam-beam interaction can populate the regions far away from the
beam centre and therefore create non-Gaussian tails (see Fig. 5.10, middle). In LEP in the
horizontal plane the tails are typically Gaussian to about 6. Farther out non-Gaussian tails
were observed.
If the dynamic aperture is signicantly smaller than the physical aperture of the machine,
particles with amplitudes larger than the dynamic aperture will start to stream out, leading
to a at distribution beyond the dynamic aperture as shown in the plot on the right side of
Fig. 5.10. This is visible if the dynamic aperture is in the region of 5 to 7 standard deviations 
and therefore a signicant fraction of the particles falls outside the dynamic aperture.
5.2.2 Emittance Measurements Using Tail Scans
Tail measurements in a region where the particle distribution is Gaussian can be used to deduce
the emittance using Eq. 5.3. For the measurements presented here this is done in the following
way:
The measurements are done with each jaw separately to correct for a non-centred orbit in





Fig. 5.10: Schematic plot of the expected tails for a purely Gaussian beam (left), non-Gaussian tails
(middle) and tails due to particles streaming out at the limit of the dynamic aperture (right).
The x-axis is the collimator position and the y-axis the inverse lifetime of the beam due to
the scraping (logarithmic scale). Both axes are in arbitrary units.
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the collimator position corresponding to one hour lifetime (and assuming it to be at 5:5 )
an emittance is estimated from the tail scan. Using Eq. 5.3 (including the actual damping
time calculated by WIGWAM [36]) the Gaussian shape corresponding to that emittance can be
plotted on top of the data. The emittance is adjusted to t the data by an iterative process.
Typically the horizontal emittance determined by this method has an error of less than 5 nm
for emittances of the order of 40 nm. If the tail scan covers a large range of the Gaussian core
the accuracy of the emittance reaches 1 to 2 nm. For large emittances (> 100 nm) the error is
5 to 10 nm. The error is estimated from the plot using dierent emittances. The accuracy of
this method is sucient taking into account that the betatron-function at the collimator is only
known with an error of about 10% and an error of the calibration of the loss monitors of 30%
both not included in the numbers given above.








lattices with large emittances (which are discussed
in chapter 7.4.2), the estimated emittances agreed well with the emittances found using the
synchrotron light monitors (see chapter 5.4) and the theoretical emittances calculated with
WIGWAM.
5.2.3 Dependence of the Measured Loss Rate on the Closed Orbit
Due to the small size of the detector and the complicated geometry there may be systematic
eects due to the position of the closed orbit at the collimator. A measurement to study this
was done in the following way:
A tail scan was done with a well corrected closed orbit. Then the orbit in the collimator was
changed using a closed orbit bump with four correctors. The bump would either change the
position or the angle of the beam in the collimator in one plane. With the bump, the tail
scan was repeated. After that the bump was put in with the opposite sign, i.e. in the opposite
direction, and the tail scan repeated. The orbit changes due to the bumps were much larger
than typical orbit changes during a ll which are of the order of 0:5mm. As the bumps are local
they should not aect the tails.
For the measurements a single beam of positrons with eight bunches (4*2) and a total current




lattice were used. The bunch
train bumps were switched off and the orbit was well corrected. Due to the high currents and
the high number of bunches the loss monitors saturated close to the beam (although the smaller
diodes were used) which explains the large scatter at very high loss rates.
The rst measurements were those to study the inuence of a change of the vertical closed orbit
on the result of horizontal tail scans. As the loss monitors for COLH.IP5 are installed on top
of the vacuum chamber, a change of the vertical angle or position of the beam might inuence
the measured rate.
Figure 5.11 shows the correlation of the loss rates for a centred and a vertically displaced orbit




= 0:9  10
 3
p
m). For each collimator
position, the measured loss rates for the centred orbit are plotted versus the rates from the
displaced orbit. The displacement does not change the measured rate. The scatter is similar to
the scatter one obtains doing the same tail scan twice and comparing the data.
The result for the measurement where the beam was tilted by 100 rad in the vertical plane
is similar to the one with the displacement. This shows that a change in the orbit in the plane
perpendicular to the one where the tails are measured does not inuence the measured loss rate
in any signicant way.
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Fig. 5.11: Correlation between the measured horizontal loss rate with a at orbit (x-axis) and an orbit
where the beam was moved by 5mm (/) in the vertical plane (y-axis). The deviations
from a perfect correlation (straight line) are of the order of 15% in regions with a small
statistical error. No systematic shift is visible.
In the plane where the tails are measured an angle of the orbit should not aect the results
of the scan. This was proven with a measurement where the horizontal angle of the beam was
changed by 50rad and no signicant change in the measured horizontal tails was observed
(the result is again similar to Fig. 5.11).
The most complicated case to discuss is a displacement of the beam inside the collimator in the
plane of the tail scan. We correct typically for a badly centred orbit by just shifting the tails
to the side until they are symmetric. To check whether this is the correct way of treating that
problem the beam was displaced by 3mm (corresponding to about three standard deviations )
in the horizontal plane and each time the horizontal tails were measured. We expect the tails to
be shifted to the respective side by the same amount. The result of the measurement is shown
in Figs. 5.12 (not orbit corrected) and 5.13 (corrected for orbit deviations).
If the beam is displaced by e.g. +3mm, the measured loss rate at the start of the scan would
come almost exclusively from the jaw which is closer to the beam. If the scan is done with that
jaw, the rate should start to rise immediately. If the scan is done with the other jaw one would
expect a more or less constant rate until this jaw is closer to the beam than the opposite jaw.
The tails are only moved sidewards by the corresponding value (not taking into account the
possible additional loss rate from the other jaw if it is closer to the beam than the one used
for the scan). If one corrects for the displaced orbit by moving the appropriate tails by 3mm
respectively, the tails are in good agreement. If the beam would be perfectly centred we would
expect the loss rate to increase from the start of the scan (assuming the loss monitor has exactly
the same eciency for both jaws).
The measurement of the left jaw for +3mm is not shown in Fig. 5.12. This displacement moved
the beam fairly close to the right collimator jaw. Throughout the whole scan with the left jaw
the rate was dominated by losses coming from the right jaw which can be seen by the high
starting point of the scan on the right (open squares). The scan with the left jaw for that
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Fig. 5.12: Horizontal tails for dierent horizontal orbit positions in the collimator COLH.IP5. The
beam was moved by 3mm in the horizontal plane and the scan repeated with each jaw.
The tail scans were done at 75GeV where no calibration was done. As in this measurement
only the relative changes are important an arbitrary calibration factor was used which gave
sensible lifetimes for the Gaussian core.
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Fig. 5.13: Horizontal tails for dierent horizontal orbits in the collimator COLH.IP5 for the internal
(left) and the external (right) jaw. The beam was moved 3mm closer to each jaw once. The
tails are corrected for a non-centred orbit by shifting them 3mm respectively. It is the
same data as in Fig. 5.12 except that it is corrected for the displaced orbit. For high loss
rates the loss monitors were saturated.
measurement was not done to the Gaussian core, therefore only with low loss rates from the left
jaw, such that the total loss rate was always dominated by losses coming from the jaw on the
right (see Fig. 5.13). The same eect explains slight dierences between the dierent scans in
the far out regions.
The measurements show that there are no signicant eects due to changes/variations of the
closed orbit in the collimator. In the measurements discussed here, the scatter is of the order of
15%. Only changes of the position of the beam have to be taken into account by simply shifting
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the tails to the side by the appropriate amount.
5.3 Measurement Errors
The uncertainties of the tail scan results come from the following sources:
1. -beating, i.e. dierences between the theoretical and the real betatron-functions
2. statistical errors on the counting rate
3. errors on the measurement of the integration time of the loss monitors
4. errors on the current measurement used for the normalisation
5. non-linear behaviour of the beam loss monitors
6. badly centred orbit in the collimator
7. dierent sensitivities of the loss monitors for the two jaws
8. background due to synchrotron radiation
9. systematic errors in the calibration factor
These sources will be discussed in detail below:
1. The real betatron-function in LEP typically diers by 10 to 20% from the one calculated
by MAD [13] for the ideal machine. Therefore one has a certain error, if the collimator





2. The statistical errors are only signicant for small loss rates and for rates close to saturation
of the monitors. From the statistical error on the number of hits, the statistical error on






















Figure 5.14 shows a horizontal tail scan with the statistical error as error bars. One can
see that they are only signicant for very small count rates. Some typical errors are given
in Tab. 5.1 on page 49.
In the following chapters no error bars are plotted in the tail scans, although the size of
the error bars is comparable to those shown in Fig. 5.14. If more than one tail scan is
shown in a gure (to compare tails measured under dierent conditions), the error bars
make a distinction between the dierent measurements dicult.
3. The integration time is measured with an accuracy of  0:5ms. This translates into an
















where h = F   h (5.5)
This error is smaller than the statistical error on the counting rate. Examples of the errors
for dierent loss rates are given in Tab. 5.1 on page 49.
4. The beam current in LEP is measured very accurately. But all loss rates from a given
tail scan (which takes about 2minutes) are normalised to the same current, although the
current can change by up to about 5% during this time. Usually the change is of the order
of 1%.
To make sure that the change of the current does not inuence the results, on some
occasions a scan was made in the opposite direction, i.e. starting close to the beam and
moving the collimator out in steps. The results are the same as for the `normal' direction.
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Fig. 5.14: Horizontal tail scan using the small diodes including error bars due to statistical errors.
Even at the highest points the loss monitors were not yet close to saturation, therefore the
statistical errors are still small there. The statistical errors can be decreased by combining
several points. This is done in some tail scans shown in later chapters.
If the change in current is larger than 1% typically most of the current is lost during the last
one or two steps of the scan, therefore only these points are normalised to a `wrong' current.
In addition at these points often the loss monitors were already saturated. Therefore we
can neglect this eect as a source of an error, as the contribution to the absolute rate is
smaller than that of other sources.
5. As shown in chapter 5.1.6 and 5.1.7, the beam loss monitors are linear over several orders
of magnitude, i.e. most of their range. Therefore non-linear eects have not to be taken
into account.
6. As shown in chapter 5.2.3, the inuence of the closed orbit is small. In the measurements
described there, we estimate it to be 15%. The orbit excursions in these measurements
were much larger than typical orbit excursions during a ll. Therefore the error should
clearly be less than 10%.
7. Due to a bad positioning of the beam loss monitors, they can have a dierent calibration
factor for each jaw. Most of the calibrations are done in a hurry, because the beam time
allocated for the whole experiment is almost over and the calibrations are always done
at the end because usually they reduce the beam current signicantly. Therefore each
calibration is only done with one of the two jaws. Under typical conditions we assume
the dierence in sensitivity between the two jaws to be less than 20%. If the dierence is
larger, this can be seen from the measured tails. In that case one can correct for it using
a correction factor. Once a dierence of a factor of almost 40 was observed. Checking the
position of the loss monitor showed that it was displaced in the plane of the collimator
by about 5 cm, i.e. more than the opening between the jaws with the ramp&squeeze
settings.
We have never observed a signicant dierence in sensitivity for the two jaws with the
scintillator. In cases of doubt the results from the loss monitors were compared to the
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result from the scintillator and the jaw which gave a dierent shape for the scintillator
than for the PIN diode loss monitor was discarded.
8. For the horizontal monitors, the photon rate has always been very low, on a level which
corresponds typically to lifetimes of more than 1000 hours. It can therefore be neglected.
In the vertical plane the situation is much more dicult. Often it was obvious that a
large fraction of the count rate was due to photons. In addition the rate depended on the
collimator position, i.e. it was not a constant oset which could be subtracted. Therefore
there are only a limited number of useful scans in the vertical plane.
9. The errors due to the calibration are the same for all points in a scan and for all scans using
the same calibration. They inuence only the absolute scale of the lifetime. Therefore they
are only important for comparisons with simulations/models.
As there was not much beam time available for these studies, there are only very few
calibrations, usually one per plane and year for one particle type. In some years calibra-
tions were made at more than one beam energy. As the loss monitors are removed and
re-installed every shutdown, there is no data on the long-term behaviour of the calibra-
tion factors or on uctuations between dierent measurements. If the loss monitors were
installed in similar positions, the calibration factor was of the same order of magnitude.
From the errors on the lifetime measurements and taking into account that the loss rates
used for the calibration were not measured at exactly the same time as the lifetimes, we
estimate the calibration factor to be correct within about 30%.
Most of the signicant errors discussed here only aect the absolute value of the loss rate.
Therefore they only play a role when the experimental results are compared to simulations. Most
of the measurements were done to study the inuence of machine parameters, e.g. chromaticity,
dispersion, collimator settings, etc. In that case the absolute loss rate is of less interest than
relative changes. The relative accuracy is much better since the systematic errors from the
calibration or the sensitivity for the two jaws are the same in all measurements.
5.4 Synchrotron Light Monitors (BEUV
5
)
5.4.1 Emittance Measurements with BEUV
In LEP four synchrotron light monitors are installed to measure the emittance, two for each
particle type [71]. The positions of the BEUV telescopes in LEP are shown in Fig. 5.15. One
monitor for each particle type is located at a place where the horizontal dispersion in very small
(theoretically it is zero), the other monitor at a place with (horizontal) dispersion. Therefore
it is possible to extract the horizontal emittance "
x
and the relative momentum spread 
p
,
provided the betatron-function and the dispersion D
x
are known at the position of the monitor
(see Eq. 3.1 on page 28).
The monitors use synchrotron radiation originating from the normal bending magnets. The
intensity of the light is recorded by a CCD chip. Details about the light optics and the signal
processing can be found in [71].
The BEUV measures the prole over the rst two to three standard deviations of the (Gaussian)
beam. Further out, the intensity of the light is too low to give a sucient signal. To calculate
5
BEUV = Beam Emittance in the UV
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Fig. 5.15: Locations of the synchrotron light monitors in LEP [71]. d is the distance to the IP. The
betatron-functions and dispersions depend on the lattice.
the emittance, only the central part is used. This is dened as the region, where the signal is
at least 70% of the maximum signal. In order to get the emittance as accurate as possible, the




5.4.2 BEUV with Corona Filter
In order to increase the dynamic range of the BEUV, a corona lter has been introduced. The
corona lter attenuates the light coming from the central part of the beam by about a factor
of 10 and should allow to measure the tails up to about 5. One can therefore use it to measure
the regions not covered by the tail scans or the BEUV in its normal mode of operation. Some
measurements using this device are reported in [73, 74]. The result of a measurement is shown
in Fig. 5.16.
The measurements cannot directly be compared to the tail scans, as the tail scans `integrate'
over all particles farther out than a certain point. In addition in the vertical plane with small
emittances the BEUV operates close to the diraction limit
7
and in the horizontal plane the
dispersion is signicant at the telescope which is equipped with the corona lter
8
, whereas it
vanishes at the tail scan collimator. So far no systematic studies have been done using this
instrument.
6
Beam Emittance with X-ray Emission
7
The BEUV was designed for vertical emittances "
y
 2 nm. The vertical emittance in LEP in recent years
has often been less than 0:5 nm.
8
Only the telescopes at QS18 are equipped with the corona lters.
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Fig. 5.16: Horizontal beam prole measured with the BEUV using the corona lter. The left plot uses
a linear, the right one a logarithmic scale. In both plots the data is corrected for the lter,
which extends from about 4.5 to 14. The x-axis is in mm on the CCD chip, the y-axis in
arbitrary units.
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6. Single Beam Tails
Results from the measurements done in 1994 to 1997 are presented and discussed in this and
the following two chapters together with the relevant machine conditions such that they can be
used as a reference for simulations. As long as the machine parameters were set to the standard
values (already discussed in detail in chapter 3), they are not explicitly given here.
6.1 Tail Production due to Scattering Processes
The scattering processes contribute not only to the lifetime as described in chapter 4, they can
also change the beam prole. The mechanisms which create tails from scattering processes are
discussed here. Later in this chapter the simulation programs used to study the mechanism are
described. Simulation results are compared to results from the measurements.
6.1.1 Transverse Tails due to Angular Kicks
Due to the angular kick from a scattering process the betatron amplitude of the scattered particle
is changed. The change in amplitude depends on the betatron-function  at the location of the
scattering. The eect is the same in the horizontal and in the vertical plane. As an example we
consider a vertical kick y
0
.
After a kick y
0
the new angle y
0
final

















































which can be converted to a number of standard deviations n














If the scattering probability (converted to a lifetime 
scatter
) for scattering angles corresponding
to several n

is of the order of 1000 hours or less, the beam prole can be changed signicantly,
because regions in the tails become populated.
1
In order not to make the equations too complex,
d
ds
= 0 is assumed.
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6.1.2 Transverse Tails due to an Energy Loss
For the longitudinal losses the situation is more complicated: If the energy loss happens in a
region without dispersion, the betatron amplitude of the particle is not changed. If the loss
happens in a region with dispersion, the situation is dierent. Analogue to the situation of the
transverse quantum excitation due to the synchrotron radiation (see Fig. 2.11 on page 16), a
particle can get a large betatron amplitude by losing some energy in a scattering process at a
place with dispersion.
If the energy loss is large enough, the particle is lost. It will complete up to 10 turns before
hitting an aperture limit. During this time the particle will travel at large amplitudes.
If the particle stays in the machine, it will take of the order of one damping time before it will
be damped back to the core of the beam, i.e. to a smaller amplitude.
6.2 Simulation of the Single Beam Tails
6.2.1 The Tracking Program DIMAD
Particle tracking is a method frequently applied in accelerator physics. For a set of particles
the trajectories through the accelerator are computed element by element. For this thesis the
tracking is performed to get a better insight in the loss mechanisms and to simulate the creation
of transverse beam tails due to the scattering processes described in chapter 4.
Plotting the (computed) trajectory of a single scattered particle gives an insight into the loss
mechanism. For the simulation of the tails high statistics are mandatory. Therefore each time
at least 1000 particles are tracked
2
.
DIMAD [52] is a tracking code which can be used to study the behaviour of particles in circular
machines as well as in beam lines. In its tracking routine it calculates the trajectories of the
particles according to the second order matrix formalism [75].
The tracking optionally includes a detailed Monte Carlo simulation for the synchrotron radiation
in dipoles and quadrupoles which is described in [76]. Simulations of beam-gas scattering,
Compton scattering on thermal photons and beam-beam Bremsstrahlung were implemented
as part of this thesis using the algorithms described in appendix B. Details for the Compton
scattering on thermal photons and the beam-gas scattering are given below. The simulation of
the beam-beam Bremsstrahlung is discussed in chapter 8.3.3.
Two new commands were implemented into DIMAD in addition to the scattering processes: a
simulation of a tail scan and a dierent type of trajectory output. Both are described below.
6.2.2 Tail Scan
A routine was implemented into DIMAD to simulate the tail scans. At one specied element
in the ring (typically a collimator) the maximum amplitude in the horizontal and vertical plane
of each particle is recorded. To study the o-momentum contribution to the tails in detail, the
momentum deviation at the turn with the maximum amplitude is stored as well.
2
DIMAD does not allow more than 1000 particles in one run of the program in its present conguration. If
the statistics were not sucient, another run with a dierent seed for the random number generator (needed
for the simulation of the scattering and the synchrotron radiation) but otherwise the same conditions was
started.
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At the end of the tracking the maximum amplitudes in x and y at the specied element and the
corresponding momentum deviations of all particles are written to a special le. This le can
be used as input for a plotting package. The number of particles in the tail for each collimator
position corresponds to the number of particles which have a larger maximum amplitude than
the collimator position.
If all scattered particles are lost the lifetime of the beam due to the scattering process corresponds
to the scattering probability of the process expressed as a lifetime. This can be used to normalise
the results of the simulated tail scans.
6.2.3 Trajectory Output by Element Type
In the original version of DIMAD, the trajectories of the particles can be written to a le for
up to 40 intervals of the ring. Each interval can be either one element or a range of consecutive
elements. For LEP, this is not very useful, as 40 intervals of one element do not sample the




> 70). One could use the whole ring as one interval, but in
the simplest form (e.g. no corrector magnets, etc.) LEP has already more than 7000 elements (in
between two magnets there is a drift chamber which also counts as an element). This produces
too much data to be useful.
A new command was implemented which gives the trajectories of the particles in all elements
belonging to specied element classes, e.g. quadrupoles, collimators. Using the position in each
quadrupole (about 800 in LEP) gives a good sampling of the motion without producing too
much data. This was used for the tracking of single particles to study the loss mechanism.
Some gures shown in this thesis use data produced by this command.
6.2.4 Compton Scattering on Thermal Photons
To simulate the Compton scattering on thermal photons, three parameters are needed:
1. the temperature of the beam pipe (assumed to be the same all around the machine); for
the simulations presented in this thesis 24

C was used
2. the scattering probability per meter (see below)
3. a number specifying the number of turns during which the scattering is active (see below);
for the simulations shown here it was set to one
The probability for a particle in LEP to undergo Compton scattering on a thermal photon is
very low (corresponding to a mean time in between scatterings of about 26 hours). As we are
interested in the inuence of the scattered particles on the tails, it is not useful to track particles
which have not scattered and therefore using the real scattering probability would increase the
CPU time needed too much. To be able to track only scattered particles one uses a scattering
probability per meter such, that in the specied number of turns almost all particles will scatter
once (as the probability for multiple scattering during a few thousand turns is essentially zero,
the implementation is such that a particle can only scatter a second time if all particles have
already scattered once).
The scattering is implemented such that during the tracking at each element, according to the
scattering probability and the length of the element, it is checked, if scattering occurs in the
element. If this is the case the next particle in the list is scattered using the Monte Carlo
generator described in appendix B.2.
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After a given number of turns the scattering is switched o, i.e. no more scattering processes
take place. Particles which have not yet scattered are discarded. The scattered particles are
tracked for a given number of turns (usually more than one damping time).
The known lifetime for the loss of all scattered particles (about 26:17 hours, see chapter 4.2.3),
is used as a normalisation for the tails obtained from the simulation.
Since the largest contribution to the lifetime of a single beam comes from Compton scattering on
thermal photons, we expect that this process also gives the largest contribution to the horizontal








lattice at 45:6GeV beam
energy yielded the results shown in Fig 6.1 assuming an emittance of "
x
= 40 nm for both lattices.
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lattice (right, 684 tracked
particles) at 45:6GeV for a beam with 40nm horizontal emittance. The collimator position




on the lower scale. On the top
scale it is given in numbers of standard deviations corresponding to an emittance of 40 nm.
6.2.5 Beam-Gas Scattering
The beam-gas scattering is implemented similar to the thermal photon scattering. A ag has
to be set to specify if elastic (Mott) or inelastic (Bremsstrahlung) scattering is to be used. The
parameters are:
1. the minimum scattering angle (elastic scattering) or minimum energy loss (inelastic scat-
tering), depending on the type of scattering
2. the scattering probability per meter
3. a number specifying the number of turns during which the scattering is to be active, which
is usually set to one
The tracking is done similar to the Compton scattering on thermal photons. The Monte
Carlo generators for the Mott scattering and the beam-gas Bremsstrahlung are described in
appendix B.3.
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The two components from beam-gas scattering were expected to give dierent contributions:
From Mott scattering we expect mainly a contribution to the vertical plane, as the typical
scattering angles are of the order of the horizontal beam divergence. This can clearly be seen
in Fig. 6.2 which shows on the left the horizontal tails (assuming an emittance "
x
= 40 nm) and
on the right the vertical tails ("
y
= 0:5 nm) obtained from Mott scattering assuming a pressure
of 10
 10
Torr and a minimum scattering angle of 100 rad.
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Fig. 6.2: Simulation of the horizontal (left) and vertical (right) tails produced by Mott scattering




lattice at 45:6GeV and a pressure of 10
 10
Torr. The
lower horizontal scale is in invariant units (10
 3
p
m). The top scale is in standard devia-
tions corresponding to emittances of "
x
= 40nm and "
y
= 0:5nm respectively. The physical















Beam-gas Bremsstrahlung results in similar tails as the Compton scattering on the thermal
photons which is expected since the shapes of the cross sections do not dier signicantly in the
relevant region. Due to the good vacuum (on average 10
 10
Torr), the scattering probability for
Bremsstrahlung is lower than for Compton scattering. Figure 6.3 shows the results for 10
 10
Torr
vacuum pressure and 0:1% minimum energy loss.
6.2.6 Note on Simulation Results Used in this Thesis
The dominant contribution to the horizontal single beam tails in LEP comes clearly from the
Compton scattering on thermal photons. Therefore for the simulations in the remainder, only
this process has been simulated. No change in shape is expected from neglecting the other
processes but a slight underestimate compared to the situation with all processes involved. If
both aspects of the beam-gas scattering would be simulated as well, the CPU time needed for
the simulations would triple. As each set of 1000 particles takes about 10 hours of CPU time it
was decided to do the tracking only for the thermal photons.
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Fig. 6.3: Simulation of the horizontal tails produced by inelastic scattering (Bremsstrahlung) on the




lattice at 45:6GeV and a pressure of 10
 10
Torr. Again an
emittance of 40 nm is assumed.
6.3 Shadowing with Collimators
In this section, the inuence of the settings of some collimators on the tails are discussed. The
collimators are usually referred to by their standard LEP notation: The `name' of a collimator
starts with COLH or COLV, depending if it is a horizontal or a vertical collimator. The next
letters give the nearest quadrupole magnet, e.g. QS1B, QL9, QD20 or QF23. Quadrupole
magnets in the even numbered straight sections (up to number 18) are called QS, in the odd
numbered straight sections QL (the closer a quadrupole magnet is to the IP, the lower its
number). The arc quadrupole magnets are called QF or QD, depending on the plane in which
they are focusing. At some places in the ring two quadrupole magnets are located very close
to each other and have the same strength. They are treated as one magnet and therefore they
are called A and B like in QS1A and QS1B. The last two letters denote the nearest IP and if
the quadrupole magnet is to the left or right of that IP (looking from the centre of LEP to the
outside), i.e. R4 is to the right of IP4 towards IP5 (see Fig. 3.1 on page 22). The only exception
to that pattern is the horizontal aperture limiting collimator COLH.IP5 (which is used for the
horizontal tail scans). It is located directly at IP5, hence its name.
The collimators in the even numbered straight sections are used to protect the experiments
from background. The collimators from the IP to QS10/QL10 are at places without dispersion,
whereas those between QS15/QL15 and QF23 are at places with high dispersion, to intercept
o-momentum particles. They are therefore called o-momentum collimators.
In 1996 measurements were done to conrm that the horizontal tails are mainly due to o-





lattice [77]. Results are shown on the left side of Fig. 6.4.
A tail scan was done with all collimators in the ramp&squeeze settings (circles in Fig. 6.4). An-
other tail scan (squares) was done while some of the o-momentum collimators (COLH.QS15.R4,
COLH.QS17.R4, COLH.QD20.R4 and COLH.QF23.R4) were closer to the beam (at a position
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Fig. 6.4: Measurement (left) and simulation (right) of the horizontal tails at 80:5GeV for dierent
collimator settings. The simulation is the result of tracking particles after the scattering on
thermal photons. The collimator position is given in invariant amplitude on the lower scale
and in n

(corresponding to 38nm horizontal emittance) on the upper one. In the plot on
the left side several data points are combined to reduce the statistical error.
corresponding to 8) than the nominal ramp&squeeze settings (corresponding to about 17 ).
The collimators are about
1
8
of a turn upstream from the tail scan collimator (COLH.IP5).
To conrm that the main eect is due to the collimators being in a region with high dispersion, a
collimator in a region without dispersion (COLH.QS1B.R4) was moved to 8.6  (corresponding
to its end position) and the tail scan was repeated (triangles in Fig. 6.4).
The measurement shows very clearly, that the tails measured in the horizontal plane are mainly
caused by o-momentum particles, conrming our assumption, that the tails are produced by
inelastic scattering processes.
In order to show that the Compton scattering on thermal photons is producing the observed
tails, the same collimator settings as used for the measurement were used in the tracking.
Tracking the particles scattered from thermal photons gave the results shown on the right of
Fig. 6.4. The horizontal emittance obtained from the tail scan ("
x
= 38 nm) was used as input
for the simulation. Measurement and simulation of the tails agree very well on the magnitude
and the shape of the tails for the dierent collimator settings. These results were the rst
where simulation and measurement of the non-Gaussian tails in LEP reached the same order of
magnitude.




lattice) some additional measurements were done to study
the inuence of the collimator settings on the horizontal tails [74]: The measurement with the
o-momentum collimators to the right of IP4 closed to 8 was repeated. A similar measurement
was done with the corresponding o-momentum collimators to the left of IP6. These collimators
are almost one turn upstream from IP5. Both sets of collimators reduce the tails by about a
factor of 10 in the outer regions and a factor of 6 in the region of about 8 standard deviations
distance from the centre. The collimators at IP4 are more eective in the far out regions (farther
than about 10 , where they reduce the tails by about a factor of 15, compared to a factor of
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10 for the collimators at IP6), whereas the collimators in IP6 are more eective in the region
between 6 and 10  (factor of 6 compared to a factor of 5 for IP4).
Tracking results of the same collimator settings show that the tails due to the thermal photons
are reduced stronger by the collimators at IP4 than at IP6. However the dierence between IP4
and IP6 is more pronounced than in the measurements. The reduction of the far tails from the
collimator at IP4 is about a factor of 10 (as in the measurements), for IP6 the reduction is only
about a factor of 5.
The results conrm that a signicant fraction of the scattered particles stays in the machine
for more than one turn after being scattered and that the tails are not produced locally. If the
tails were produced mainly locally, we would expect a much more signicant dierence between
the shadowing from collimators only
1
8
of a turn upstream to those which are almost one turn
upstream from the scanning collimator. As the dierence is small, the particles in the tails
mainly stay in the machine (and in the tails) for more than one turn.
A similar measurement was also done for the collimators without dispersion (COLH.QS1B)
right of IP4 and left of IP6 with the same aim as for the o-momentum collimators. The
collimator in IP6 reduced the tails only very slightly (by about 20% from about 11 standard
deviations outwards and by about 50% in the region between 7 and 11 standard deviations),
whereas the collimator in IP4 reduced the tails by about a factor of 3 in the outer regions and
the reduction getting less from about 10 standard deviations inwards, which can be reproduced
in the simulations thus conrming further that the mechanism is modelled correctly in the
simulations.








lattice are similar showing that there is no strong dependence on the lattice.
Some measurements were done to nd out if there were dierences in the eciency of the dierent
o-momentum collimators at one IP. Tail scans were done with just one o-momentum collimator
to the right of IP4 closed at a time: Simulation and measurement show, that COLH.QF23.R4
reduces the tails only slightly, whereas COLH.QD20.R4 is more eective. In the simulation
the reductions due to COLH.QS15 and COLH.QS17 are about the same. In the measure-
ments COLH.QS15 is slightly more eective than COLH.QS17. Compared to COLH.QD20
and COLH.QF23, COLH.QS15 and COLH.QS17 are more eective in reducing the tails. The
reductions for each of the collimators are given in Tab. 6.1.
collimator QS15 QS17 QD20 QF23 all
reduction factor 6 4 2.5 1.5 15
fraction left 17% 25% 40% 67% 7%
reduction 83% 75% 60% 33% 93%
Tab. 6.1: Reduction of the measured horizontal tails due to shadowing by o-momentum collimators.
A similar measurement was also done in the vertical plane. The o-momentum collimators near
IP4 (which are in the horizontal plane) were closed to 9:9  and the vertical tails were measured.
The measurement is described in [74]. Figure 6.5 shows the results of the measurement. One
can see a slight reduction due to the o-momentum collimators. To make this reduction more
visible, ve consecutive points of a tail scan are combined for each point in the plot. A similar
result could have been obtained with a longer integration time during the measurement (5 s
instead of 1 s) and larger steps.
In the vertical plane much lower tails are expected from the simulations of the scattering pro-
cesses. In addition with the `closed' o-momentum collimators there should be hardly any
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Fig. 6.5: Measurement of the inuence of the horizontal o-momentum collimators at IP4 on the verti-
cal tails: Circles are measurements with all collimators at ramp&squeeze settings, triangles
are the measurements with the o-momentum collimators (horizontal) closed to 9:9.
particles left in the tails. This discrepancy can be explained by the absence of coupling in the
simulations: The tracking is done for an ideal machine without the solenoid magnets. The
solenoid magnets and the machine coupling are only well compensated for on-momentum parti-
cles. We therefore expect parts of the horizontal tails due to the o-momentum particles to be
coupled into the vertical plane which has not yet been included in the simulations.
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7. Dynamic Aperture and Tails
Particles in the tails can be outside the dynamic aperture of the machine. Therefore the size
of the dynamic aperture and the behaviour of particles at the limit of or outside the dynamic
aperture are important for the tails. In this chapter the dynamic aperture, how it is measured
at LEP and how it inuences the (measured) tails is discussed.
7.1 Dynamic Aperture at LEP
In a lepton storage ring like LEP the horizontal emittance increases with the square of the beam
energy (see Eq. 2.35 on page 17). The horizontal emittance becomes very large at the highest
beam energies and there are fears that the dynamic aperture might be insucient because too
many particles will be outside the limit of stability. Several dierent lattices for LEP have
been studied to nd one which gives the best performance and has a suciently large dynamic
aperture [78{82].
7.1.1 Ways to Express the Dynamic Aperture
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oscillation amplitude at a betatron-function of 1m. The advantage of this unit is that it
is proportional to the physical aperture, i.e. opening the horizontal collimators by a factor




by a factor of two.
maximum emittance: The maximum emittance which can be accommodated. At LEP this
is dened to be the emittance for which the lifetime is one hour, which corresponds to
losing all particles with amplitudes of more than about 5:5  provided the beam prole is
Gaussian (see Eq. 2.43 on page 18).
number of standard deviations: The maximum amplitude can be converted to a number n

of standard deviations  of the theoretical emittance at a certain energy. This number then
contains the information at how many standard deviations of the distribution one would
lose the particles from the beam if the beam has the theoretical emittance. Traditionally
at LEP it was assumed that at least 10  are required for a safe operation of the machine.
7.1.2 Simulation
In general the dynamic aperture of a given lattice cannot be calculated analytically. Therefore
tracking studies are performed. One starts with particles in the centre of the beam. Using a
1
In [78] the denition is actually wrong by a factor of two, which was pointed out to me by the author. The
denition given here is the correct one.
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tracking program like MAD [13] the trajectories of these particles are studied and it is checked,
if they are stable. If a trajectory is stable, then another particle is launched in the same region
of the phase space with a slightly larger amplitude. If the trajectory is unstable, this amplitude
is outside the dynamic aperture in this region of the phase space. After several iterations a
surface in the 6-dimensional phase-space corresponding to the stability limit, i.e. the dynamic
aperture, can be mapped. A detailed discussion of this subject can be found in [78].
7.2 Dynamic Aperture Measurements
For some years the dynamic aperture in LEP has been studied by measurements and tracking
studies. Before 1996 most measurements to study the dynamic aperture were done using either
the kick-method or resonant excitation. In 1996 and 1997 many measurements of the dynamic
aperture of LEP have been performed for various lattices using the method of emittance blow-up.
All three methods are described below.
The idea behind measurements of the dynamic aperture is to nd out, at which amplitude
particles are lost due to non-linearities. They are done at dierent energies and with `squeezed'
(used for physics, 

y




lattices. A table summarising all aperture measurements carried out between 1989 and 1992
can be found in [83]. The measurements from 1993 are summarised in [84]. Detailed results





















lattice (which uses some sextupole magnets
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= 27 cm respectively).
7.2.1 Kick Method
In the earlier years of LEP operation many measurements of the dynamic aperture were done
using the kick method [87,88]. This technique is used in other accelerators as well, see e.g. [89].
The idea is to apply a strong kick to the beam such that a measurable fraction of the particles
falls outside the dynamic (or physical) aperture. In the subsequent turns these particles will be
lost from the beam. In LEP it is assumed, that a loss of half of the particles corresponds to
kicking the beam to the dynamic aperture. Each time only one bunch is kicked
2
, leaving the
others for further measurements.
If a 1000-turn-measurement
3
is taken at the same time, the behaviour of the bunch after the kick
can be studied, e.g. to identify resonances. Fig. 7.1 shows the result of a 1000-turn-measurement
done after the beam was kicked. The position of the kicked bunch at one place in the machine is
plotted versus the number of turns for 500 consecutive turns (this is of the order of one damping
time).
From such measurements one can also obtain the change of tune or detuning with amplitude





lattice in 1996. Results show that the detuning with amplitude was larger than expected
2
This is possible due to a fast kicker magnet and the large bunch spacing in LEP (22s with four bunches
per particle type).
3
The orbit/trajectory is measured turn-by-turn for 1024 consecutive turns. The measurement can be triggered
together with the injection kicker used for the measurements.
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lattice (turn 100 to 600) [90]. The









measured [91]). Details about




lattice using the kick method can be found in [92].
The measurements rely on a correct calibration of the kicker magnet strength which converts
the voltage applied to the kicker magnet to a kick received by the beam (in mrad). The cal-
ibration is done by kicking the beam and measuring the peak-to-peak oscillation amplitude
with a 1000-turn-measurement. Some of the calibrations seemed to be slightly doubtful. One
calibration was almost a factor of two dierent from a previous calibration of the same kicker
magnet [93].
The method has so far only been used in the horizontal plane (except for one measurement) as it
requires a very strong kicker magnet. In the horizontal plane one or more of the kicker magnets
normally used for injection can be used. In the vertical plane there is no kicker magnet available
which is strong enough, except the beam dump kicker
4
. There is one measurement from 1993
in the vertical plane using the beam dump kicker [93].
7.2.2 Resonant Excitation Method
Instead of kicking the beam once and recording the loss rate, one can excite coherent oscillations
of the beam by applying a sinusoidal kick to one of the bunches over several turns. The frequency
of the excitation is swept around the corresponding tune. This method is described in [83].
During the frequency sweep, when the excitation frequency comes close to the tune, the lifetime
of the beam drops if the excitation amplitude is large enough, because a signicant fraction
of particles is pushed outside the dynamic aperture. This method can be used easily in LEP
in both planes, as fast kicker magnets of sucient strength for both planes are available (the
Q-meter kickers, which are installed to measure the tunes).
The advantage of this method is that an excitation amplitude corresponding to a lifetime of
4
Using the beam dump kicker leaves the experiments without protection in case of radiation or large back-
ground damaging their detectors.
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one to two hours is sucient to determine the dynamic aperture. It is therefore possible to do
the measurement without losing a signicant fraction of the bunch current, contrary to the kick
measurements. As in the kick measurements, only one bunch is used at a time.
Usually the real betatron-function diers from the calculated one by 10 to 20% (-beating). To
avoid that this inuences the result, the Q-meter is cross-calibrated by closing progressively two
collimators. The method of the cross-calibration is described in detail in [83].




lattice with this method in 1992 [94] showed, that at 45:6GeV
the dynamic aperture does not depend signicantly on the synchrotron tune q
s
or on the distri-
bution of the RF-voltage around the ring, as expected from simulations. In addition the same
values were found with the collimators open and collimators at the ramp&squeeze settings
therefore excluding a physical aperture limit due to the collimators. Corrections of the closed
orbit also did not change the measured dynamic aperture [83].















smaller in both planes than expected from simulations (the simulations became more rened















In 1993 some measurements were done with this method where the dynamic aperture was
articially decreased by changing the sextupole settings. Due to lack of time the measurement




To study the amplitude at which the particles are becoming unstable one can make use of
Eq. 2.43 on page 18 (quantum lifetime) by increasing the emittance and thus making the lifetime
suciently short such that it is dominated by losses due to particles from the Gaussian core
being outside the dynamic aperture. If the emittance and the damping time are known, one can
calculate at how many standard deviations one is losing the particles. In addition tail scans can
be done to verify, if the prole is still Gaussian in the relevant region.
In LEP the lifetime for a single beam (due to scattering processes) is of the order of 40 hours
for typical conditions. To measure the aperture one increases the emittance until the lifetime is
about one hour. In this case the lifetime is dominated by the loss of particles falling outside the
aperture of the machine. From the emittance the number n

of standard deviations  where
one is losing the particles, can be calculated, e.g. for 1 hour lifetime one loses the particles at
about 5:5  (the exact number depends on the damping time and therefore the beam energy, see
Tab. 5.4 on page 55).
There are two methods of increasing the horizontal emittance in LEP:
1. Wiggler magnets in dispersive regions can be used to increase the emittance of the beam
(`emittance wigglers', see chapter 3.4). In LEP they increase the emittance by a factor




lattice at 45:6GeV. The wiggler magnets cannot
be used at beam energies higher than about 45:6GeV without special precautions (very
low total beam currents) because the high synchrotron radiation power produced in the
wiggler magnets can cause damage to nearby equipment.
5
This method is sometimes also called `phase-space ination'.
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2. By changing the frequency of the RF-system the damping partition numbers can be
changed. The frequency is changed in steps such, that the emittance is increased. At
each step the lifetime is measured. This is done until the lifetime is about 1 hour.





















is the emittance on the central orbit, i.e. the emittance corresponding to J
x
= 1.
Changing the RF-frequency f
RF
changes the revolution time of the particles and therefore
the path length of the synchronous particle. Therefore the closed orbit will not be centred
in the quadrupole magnets but on average be moved either to the inside or the outside of
the ring (depending on the sign of the frequency change). The quadrupole magnets then
act as additional bending magnets and thus change J
x
. The change in damping partition
number D due to a frequency change f
RF
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The momentum compaction factor 
C
for dierent lattices in LEP (summarised in Tab. 3.6
on page 29) is typically of the order of some 10
 4





is typically 200 to 300 for LEP [85].
At lower energies the increase in beam size from the emittance wigglers is not sucient to limit
the lifetime due to the dynamic aperture. Therefore at high energies the second method and at
lower energies a combination of both methods is used.
A change of the RF-frequency aects not only the damping partition numbers, but also the
beam energy
6
. The chromaticity then changes the tunes. During the aperture measurements
the tune should be as constant as possible, therefore the chromaticity was measured and adjusted
to Q
0
 1:5 in both planes before an aperture measurement was started. This avoided large
changes of the tune due to the energy changes. In addition during all measurements the tunes
were monitored and if necessary the tunes and/or the chromaticity were adjusted. If it was
suspected that a low lifetime was caused by a resonance and not by a signicant fraction of the
beam being outside the dynamic aperture, the tunes were changed slightly to verify this.
Large residual vertical dispersion can deteriorate the quality of the closed orbit while running
with a large frequency shift. To avoid potential problems, the vertical closed orbit was care-
fully corrected to an orbit which had low vertical dispersion. From time to time during the
measurement the vertical orbit was corrected back towards this orbit.
The method of emittance blow-up is a rather direct way to measure the space which is available
for the beam. At LEP this is the relevant criterion for deciding if the dynamic aperture is
sucient or not.
6
A change of the RF frequency of f
RF
= +100Hz in LEP corresponds to an energy change of about
 140MeV at 91:5GeV beam energy, i.e
p
p
  1:5  10
 3
. Also it changes the horizontal damping par-
tition number J
x
from 1 to 1.48.
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Comparing the calculated emittances to the ones measured with the BEUV (see chapter 5.4)
usually gave good agreement within the measurement errors. The emittances have been cross-
checked in addition with tail scans where again the values agreed except for some low emittance
lattices (see chapter 7.4.2 for details).
Detailed results of the measurements in the horizontal plane for various optics and energies are
reported in [51,82,85,86,95{97]. An overview of the apertures measured in 1996 and 1997 using
the emittance blow-up method is given in Tab. 7.1. The rst number which is given is the
dynamic aperture which is obtained from assuming that the particles at 5:5  of the emittance
measured by the BEUV are outside the dynamic aperture. This is only valid if the beams are




lattice. If the amplitudes




lattice, the beam is not Gaussian up to the
dynamic aperture. In this case the tail scans already cut into the lifetime at collimator positions
corresponding to much more than 5:5 . The dynamic aperture obtained from the tail scans
is given in the last column of Tab. 7.1. At these amplitudes the collimator started to reduce
the lifetime of the beam, i.e. the physical aperture was smaller than the dynamic aperture. For





































1.5 0.1 2.5 0.3
Tab. 7.1: The horizontal dynamic apertures measured for various lattices in 1996 and 1997 using the









. The second value is the amplitude at which the particles start to stream out,
i.e. the lifetime is reduced due to the collimator being positioned at this amplitude. Due to
resonances the rst method can give wrong results.
The vertical dynamic aperture has also been measured with this method. The change in RF-
frequency only changes the horizontal emittance. The residual coupling in LEP is very small
( < 1%), therefore this method does not increase the vertical emittance suciently. To get a
signicant increase of the vertical emittance, one articially increases the coupling by changing
the strength of the tilted quadrupoles (see Eq. 2.39 on page 17). Then the tunes are put close

























lattice was done in 1997. During that
measurement we were not able to blow up the beam suciently in the vertical plane to lose









7.3 Particle Dynamics Outside the Dynamic Aperture
7.3.1 Large Transverse Amplitudes
As mentioned in chapter 2.1.7 sextupole magnets introduce non-linearities (see Eq. 2.14 on
page 10). These non-linearities can perturb the betatron oscillations and lead to dierent tunes
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for particles with dierent betatron amplitudes. The derivative of the tune with respect to the
amplitude, is called detuning (with amplitude) or anharmonicity and can be calculated using
the program HARMON which is part of the program MAD [13]. The numbers for the lattices

















































The horizontal anharmonicities are large for both 108

lattices [99]. Due to the large anhar-






is close to the nominal tune (q
x
= 0:28). This has been demonstrated in tracking studies and




lattice after the beam was kicked. After some turns the particles get trapped in a third order
resonance island for some turns before they are nally damped back to the centre. With a
slightly reduced strength of the kick, the particles stayed in the island for more than 1000 turns,
which is more than one damping time.
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lattice [90]. The particle positions
(in mm) at two orbit monitors with a phase advance of

2
in between them are plotted. This
gives essentially a phase space plot. One can see that the particles get trapped for some turns
in a third order resonance island (q
x
 0:33) before damping further back. The arrows mark
the sequence of the points.




lattice, the horizontal anharmonicity was articially in-




lattice could be reproduced [82].
The eect of the detuning was studied using DIMAD [52]. Two particles with dierent vertical
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= 1:5  10
 3
p
m). Both had no




lattice including synchrotron radiation. The trajectories for 10 turns are shown in Fig. 7.3. The
oscillation amplitudes of the particles do not change signicantly.
To see how the dierence evolves with time, the position at each quadrupole magnet of the small
amplitude particle (multiplied by a factor of 10) was subtracted from the other one. One would
expect to get zero, if the two particles have the same tune. The results of the comparison are
shown in Fig. 7.4, which shows that the particles have a dierent tune. Each particle does not
change its amplitude but the amplitude dierence grows. The particles get more and more out
of phase with respect to each other.
7.3.2 Large Energy Deviations
For particles which have a large energy deviation (of the order of the size of the RF-bucket) the
lattice is dierent from the one for the on-momentum particles, as the quadrupole strength k
depends on the energy of the particle (see Eq. 2.2 on page 6). The o-momentum particles have
a dierent tune due to the chromaticity (mainly due to the non-linear part of it
7
).
The eect of a large energy deviation is shown in Fig. 7.5 on page 82 where a particle with a




= 1:5  10
 3
p
m was tracked once without momentum deviation
and once with a momentum deviation of 1%. Already after a few turns, the trajectories are
very dierent, although the vertical dispersion in the used lattice is zero everywhere.
Figure 7.6 shows how the dierence between the amplitudes of the two particles evolves over
ten turns. It is very dierent from the result for the on-momentum particles with dierent
amplitudes (see Fig. 7.4), as this time the amplitude of the o-momentum particle changes
signicantly in addition to eventual changes in tune.
A signicant part of the dierence comes from the local chromaticity, i.e. local dependence of the
phase advance on the energy, caused by the superconducting (QS0) quadrupole magnets of the
last doublet near the experiments. These quadrupole magnets are about a factor of 10 stronger
than all other quadrupole magnets in LEP. Therefore they are a strong source of chromaticity.
The chromaticity correction with sextupole magnets in the arcs, several hundred meters (and
several betatron oscillations) away, is designed for particles with a small momentum deviation,
but not for particles with 1% or more momentum deviation. Therefore the chromaticity is not
properly corrected for particles with a large momentum deviation leading to a large change of
the tune for o-momentum particles.
Depending on the phase of the betatron oscillation, the QS0 magnets increase or decrease the
oscillation amplitude of the particle. If the particle arrives with a large oset with respect to
the centre of the quadrupole and a small angle, the betatron amplitude will become larger. If
the particle arrives with a large angle and a small displacement, its betatron amplitude will
decrease. As the phase advance between the two QS0 magnets in one even numbered IP is 
and the phase advance in between two even numbered interaction points in the vertical plane is
close to an integer, the eect tends to add up over the four even numbered IPs during one turn
(either each time the amplitude is increased or decreased, depending on the initial phase).
7








lattice are shown in Fig. 3.5 on
page 30
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= 1:5  10
 3
p
m (bottom) for 10 turns using DIMAD with the command described in
chapter 6.2.3. The amplitude is given in normalised coordinates (10
 3
p
m) in each quadrupole
magnet. On the left side the x-axis is the position along the ring in units of turns. The plots
on the right show only the rst turn and the x-axis is in units of phase advance 
y
. A line
corresponding to a pure sinusoidal oscillation with the correct amplitude and phase is plotted
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Fig. 7.4: The plot shows the dierence between the position of the large amplitude particle and the




m). The increase in the dierence shows that the particles have dierent tunes,
as a change of the amplitude has not been observed for any of the two particles (see Fig. 7.3).
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= 1:5  10
 3
p
m for 10 turns
using DIMAD with the command described in chapter 6.2.3. The top plot is for a particle
with no momentum deviation, on the bottom plot it starts with a momentum deviation of 1%.
The amplitude is given in 10
 3
p
m, the position along the ring in number of turns on the
left side. On the right only the rst turn is shown with the x-axis in phase advance 
y
. The























0 1 2 3 4 5 6 7 8 9 10
Fig. 7.6: This is the same data as in Fig. 7.5. The plot shows the dierence in amplitude between the
on-momentum and the o-momentum particle (in 10
 3
p
m) and how it evolves over 10 turns.
Note the signicant dierence compared to Fig. 7.4.
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7.4 Transverse Tails and Dynamic Aperture
For a beam at the limit of the dynamic aperture one expects to nd a Gaussian core and from
the limit of the dynamic aperture onwards a at particle distribution in the tails due to particles
streaming out (this is shown on the right of Fig. 5.10 on page 55). It is at because the tail
scan sums all particles which have an amplitude larger or equal to the collimator position. This
was observed in measurements at LEP. In this case the amplitude corresponding to 5.5 times
the emittance at one hour lifetime ("
1 hour
) corresponds indeed to the dynamic aperture.
7.4.1 Horizontal Tail Measurements with Small Emittances
During the aperture measurements of the 1996 and the 1997 run, tail scans were done before
the RF-frequency was changed to get a cross calibration of the emittance measurement and to









) the deduced emittance corresponds within the errors
to the emittance measured by the BEUV (see chapter 5.4) and the emittance calculated using
WIGWAM [36].
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lattice (right) without frequency shift.
Both jaws are shown. The upper x-scale gives the collimator position in units of standard
deviations  corresponding to the tted emittances which are 55 and 37nm respectively. The
lines give the result one would expect for a purely Gaussian beam with the given emittance.
For both lattices the core (up to 6) was well inside the dynamic aperture and no signicant
streaming, i.e. at tails, was observed, because the tails caused by the streaming are orders of





lattice the tails are as expected from incoherent scattering processes and consis-
tent with simulation results. They are very smooth and only on rare occasions an inuence of
the tune-modulation due to the SPS-cycle
8






The SPS is located such with respect to LEP (see Fig. 3.1 on page 22), that the two accelerators act like a
transformator when the SPS-magnets are ramped down from their top energy (450GeV to the LEP injection
energy (22GeV)). During this ramp (which lasts less than a second) the current induced on the LEP vacuum
chamber changes the tunes slightly.
84 7. Dynamic Aperture and Tails
is dierent: The tails were varying with time and not smooth. This is tentatively explained by
resonance islands being populated and emptied, thus changing the beam prole. For both lat-
tices the emittance obtained from tail scans corresponds to the one measured by BEUV (within
errors).
7.4.2 Horizontal Tail Measurements with Large Emittances
In order to measure the dynamic aperture of LEP, the horizontal emittance is increased using
wiggler magnets and changing the RF-frequency (see chapter 7.2.3). At the largest emittances
with only about one hour lifetime it is very dicult to do tail scans without accidentally losing
the beam. Therefore the emittance was adjusted such that the lifetime due to the dynamic
aperture was between 10 and 20 hours during the tail scans. The measurements were done for
two purposes:
1. to cross check the emittance measured with the BEUV.
2. to study the tails in the case of being at the limit of the dynamic aperture.








lattice are shown in Fig. 7.8.
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=  75Hz). Both jaws are shown. The upper x-scale gives
the collimator position in units of standard deviations corresponding to the tted emittance,
which is 140nm in both cases. The solid line marks the dynamic aperture obtained from
the tail scan. The dashed lines mark the expected results for purely Gaussian beams with
emittances of 140nm (left plot and right curve in the plot on the right) and 75nm (left curve










lattice the results are about as expected. Up to about 6 the beam is Gaussian.
Beyond that the measured tails are at as expected for particles that stream out. The transition
between the Gaussian and the at part takes place at the location of the dynamic aperture,
which is what one expects for a `well-behaved' lattice. The emittance obtained from the tail
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scans agrees within the errors with the emittance measured by the BEUV and the emittance
calculated for the corresponding frequency shift (f
RF
=  105Hz) by WIGWAM [36]. Since
some particles, lost due to being outside the dynamic aperture, are not collected by the tail scan
collimator, the measured loss rate corresponding to a lifetime of 50 hours is consistent with the
measured lifetime of the beam at that emittance of 10 to 20 hours.
The dynamic aperture obtained from the emittance measured by the BEUV agrees with the one
measured by the tail scans (see Tab. 7.1 on page 78).




lattice that even at the limit of the dynamic aperture
the lifetime did not show uctuations. Typical uctuations which were observed were less than















lattice. The tails are less smooth and on some occasions it was observed that
they even decreased while closing the collimator further, which can only happen if the beam
conditions change signicantly, as the tail scan integrates all particles which are further out than





lattice and a negative frequency shift): The lifetime of the beam uctuated
signicantly. It often changed by more than 50%. Even when the horizontal aperture limiting
collimator was not moved, the rate measured with the scintillator at this collimator uctuated
signicantly. Changes by up to a factor of three within minutes were observed. The changes
occurred as jumps or as drifts continuing for some seconds. This is now explained tentatively
by resonances [92].




lattice in 1997 [101]: The
decay of the beam current, i.e. the lifetime, was constant most of the time. About once per
minute additional losses of the order of 5A occurred. Sometimes the loss happened in less
than a second, sometimes in up to 10 seconds. No regular time structure was found. It is not
clear what is triggering these losses.
The emittance obtained from the tail scans is much too large. In all the measurements which




lattice with a large negative frequency shift, the emittance from the
tail scans was between 1.5 and 2 times the value measured with the BEUV. The BEUV value
agreed within errors with the theoretical value obtained from WIGWAM. According to the
BEUV at least the rst 2 were Gaussian with the `correct' emittance. These two `emittances'
lead to dierent values for the dynamic aperture depending on the method (see Tab. 7.1 on
page 78).
Current understanding says that particles can get trapped in resonance islands at fairly large
amplitudes and therefore produce this `second' Gaussian prole with a larger RMS [92]. The




lattice as well [82]. This `second'
Gaussian explains, why the dynamic aperture measured with the emittance blow-up using the




= 1:5  10
 3
p
m) is signicantly smaller than the one












= 2:5  10
 3
p
m) which roughly agree with the theoretical value. The particles
travel on average at larger amplitudes than expected. Therefore they have a higher probability
of falling outside the dynamic aperture and reducing the lifetime.
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8. Beam-Beam Tails
The luminosity is `produced' by the core of the beam (mainly the rst one to two standard
deviations). If there are strong non-Gaussian tails, they do not contribute to the luminosity,
but they can create background which can make it impossible for the experiments to take data.
If the tails are large and get scraped o, the lifetime can be signicantly decreased, leading to
a shorter duration of the lls. These eects have been observed in LEP, mainly at 45:6GeV,
where LEP was operated at the beam-beam limit. At higher energies LEP was only beam-beam
limited at the beginning of a ll, if at all.
8.1 Beam-Beam Interaction
A particle bunch creates a non-linear electro-magnetic eld which interacts with the particles
of the opposite bunch. This modies the optics for the particles and can create strong non-
linear resonances. The strength of this interaction can be described by a single parameter: the
beam-beam tune shift .
Beside the inuence on the dynamics of single particles, there can be collective eects like turn-
by-turn variations of the beam size caused by the coherent beam-beam interaction or coherent
oscillations of the bunches. These are not discussed.
8.1.1 Beam-Beam Kick









experienced by a single particle traversing the opposite bunch at a distance















































is the number of particles in the bunch and  is the Lorentz
factor. Figure 8.1 shows the dependence of the kick on the displacement of the particle from
the centre of the opposite bunch. In the centre of the bunch the kick is zero. Near the centre of
the bunch the kick is similar to the kick from a strong focusing quadrupole. Further away the
eect becomes non-linear.
8.1.2 Beam-Beam Tune Shift
As the eect of the beam-beam interaction close to the centre is equivalent to a strong focusing
quadrupole, it is useful to describe the eect on the opposite beam by a tune shift, as any














Fig. 8.1: The vertical beam-beam kick y
0
as a function of the vertical displacement y for dierent
horizontal displacements x (x and y in units of ). y
0





are assumed. Calculated using Eq. 8.2.
additional quadrupole with the strength k and the length s causes a tune shift Q which















































where i 2 fx; yg (8.4)
where r
e
is the classical electron radius (r
e














are the beam sizes at
the interaction point.  is the Lorentz factor.
The beam-beam tune shift will appear quite frequently throughout this chapter. If not specied
it refers to the vertical beam-beam tune shift 
y
.
As particles which are farther away from the centre get a weaker kick, their tune shifts are
smaller. Therefore one obtains a certain tune spread in the beam, i.e. particles having dierent
tunes, which is parametrised by the beam-beam tune shift. This tune spread makes the choice
of the working point more dicult, as it has to be avoided that some particles are on a resonance
due to the beam-beam tune shift.
If the beam-beam tune shift becomes too large, some particles will be on or close to resonances
which will blow up the beam or populate the tails of the distribution. A larger beam size leads
to a smaller beam-beam tune shift. Therefore an equilibrium with a lower tune shift and a
larger emittance than before is reached. This is called the (rst) beam-beam limit. The tune
shift which would be obtained from the initial conditions, i.e. if there is no blow-up, is called






 0:03 to 0.05 is typical [103].
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8.1.3 Beam-Beam Limit
Operating at the rst beam-beam limit means running with a constant 
y
for a changing current.
In this regime the luminosity depends linearly on the current. If one is operating below the rst
beam-beam limit (i.e. 
y
is decreasing with the current), the luminosity is proportional to the
square of the current, i.e. it decays faster than the current during a ll (see Fig. 2.13 on page 20).
Figure 8.2 shows the dependence of the beam-beam tune shift on the current for the case of being
beam-beam limited at high currents. As one tries to maximise the integrated luminosity, one
tries to operate a collider such that it is running at the beam-beam limit during the whole ll, to
avoid the quadratic decay of the luminosity with current. The slope of the vertical beam-beam
tune shift with current (see Fig. 8.2), in the region before the beam-beam limit is reached, for
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lattice [41]. The region with constant  corresponds to running at the beam-beam
limit.
In general it was expected that LEP would be beam-beam limited above a certain current.
Reaching the rst beam-beam limit leads to a blow-up of the beams if the current is increased
further, such that the beam-beam tune shift stays constant.
If small beams with high currents are collided, the unperturbed beam-beam tune shift can
become higher than the beam-beam limit. In this case the beam blows up adjusting itself to a
lower beam-beam tune shift. If the unperturbed beam-beam tune shift is signicantly larger than
the beam-beam limit, the beam size of beam A can increase slightly due to a small perturbation.
The resulting force on beam B decreases thus decreasing the size of beam B. This in turn will
increase the size of beam A even more. In the end an equilibrium is reached where one beam
has a very large emittance and the other a very small emittance. This is the so-called ip-op
state.
In addition to the rst there is also a so-called second beam-beam limit. If the beams develop
tails such that the lifetime is signicantly reduced therefore limiting the maximum useful bunch
current, this is called the second beam-beam limit.
At LEP1, i.e. at beam energies in the region of 45:6GeV, LEP was expecteded to run at the
rst beam-beam limit during a large fraction of a ll. It was not expected that an unperturbed
beam-beam tune shift much higher than the maximum beam-beam tune shift could lead to
problems.
For higher energies LEP is not expected to be beam-beam limited at all (if the natural horizontal
emittance is used), as the horizontal emittance gets very large. The dependence of the beam-




, see Eq. 8.4). LEP is expected to be beam-beam limited at high energies only
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if the horizontal emittance is decreased by changing the damping partition numbers via changes
of the RF-frequency (similar to the technique used in the aperture measurements but with the
opposite sign of the change, as one wants to decrease the emittance).








current per bunch in mA
εx = 42 n
m
Fig. 8.3: The beam-beam tune shift as a function of the beam current for LEP at 86GeV with
J
x
= 1 [41]. A higher J
x
would give a steeper slope and would lead to a behaviour as shown
in Fig 8.2.
Some simulations had predicted that LEP would be very sensitive to dierences in the single
bunch current and that the bunch currents would have to be equalised to the level of about 1%
which is not a trivial task, as one can always have losses during the ramp which can aect the
bunches, and especially the two beams, dierently.
8.1.4 Obervations at LEP
One of the rst observations at LEP was that the actual lifetime of the colliding beams was longer
than expected. Detailed studies showed that the dierence was due to the lifetime contribution
of the beam-beam Bremsstrahlung. When the contribution was rst calculated and compared
to the measured lifetime, a discrepancy of about 30% was found [59], which can be explained
by screening eects resulting in a reduction of the cross-section 
loss
from 0.3 to 0:21 barn [58]
which results in a longer lifetime (see Eq. 4.28 on page 43).
LEP has reached high beam-beam tune shifts at all its operating energies: 
y
= 0:045 at
45:6GeV, and 0.05 at higher energies (65GeV, 80:5GeV, 86GeV and 91:5GeV). At 45:6GeV
LEP was operating at the beam-beam limit throughout the whole ll, which was reached by
emittance control using wiggler magnets.
At the start of LEP it was believed that one could collide high currents leading to an unperturbed
beam-beam tune shift far above the beam-beam limit without problems. It was assumed that the
beams would blow up (more or less) symmetrically and adjust themselves to a beam-beam tune
shift corresponding to the beam-beam limit. However observations diered signicantly from
this: When colliding high currents at 45:6GeV, the lifetime (eventually) drops signicantly.
In addition the experiments get high background rates and often the beams do not blow up
symmetrically but get into a ip-op state with one beam strongly blown up. With ip-op
typically the weaker beam, i.e. the blown up beam, has a lower lifetime than the stronger one,
thus increasing the current dierence even more.
Emittance control using wiggler magnets was introduced to cure these problems. The technique
of emittance control using the damping partition numbers has been used in other colliders
before [104]. LEP was the rst collider to use wiggler magnets for this task. The wiggler
magnets used are the emittance wigglers located in a region with high horizontal dispersion
(D
x








lattice at 45:6GeV full excitation of the
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wiggler magnets increases the single beam emittance from "
x
= 12 nm to "
x
= 36 nm. This is
done regularly before bringing the beams in collision.
With the beams already blown up to "
x
= 36 nm the additional blow-up due to the beam-beam
interaction is not very signicant as the dierence between unperturbed and achieved beam-
beam tune shift is small. Figure 8.4 shows schematically the beam-beam tune shift for LEP at
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Fig. 8.4: The beam-beam tune shift as a function of the beam current at 45:6GeV with ("
x
= 36nm,
solid lines) and without ("
x
= 12nm, dashed lines) the use of the emittance wigglers [41].
Changing the strength of the emittance wigglers allows to change the slope of the beam-beam
tune shift in between the two curves, allowing to stay at the beam-beam limit throughout the
whole ll.
As the bunch currents decrease during a physics ll the strength of the emittance wigglers is
decreased in order to stay beam-beam limited. This is shown on the left side of Fig. 8.5 where












strength of the emittance wigglers (Ewig) are plotted versus time for a physics ll at 45:6GeV.
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), luminosity (L) and eld strength of the emittance wiggler (Ewig)
for a typical ll at 45:6GeV (left) and the inverse beam-beam lifetime (
BB
) and the beam-





) for the same ll (right) [105].
The lifetime calculated from the beam-beam tune shift (according to Eq. 4.28 on page 43) agrees
with the measured lifetime for data taken at the end of a physics ll. In the beginning of lls
often some additional losses are observed. The right side of Fig. 8.5 illustrates this, using data
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from the same physics ll: The measured inverse beam lifetimes for both beams are plotted
(after subtracting the contribution from the single beam lifetime which was 45 hours). From
a daytime of about 3:5 hours onwards the lifetimes and the beam-beam tune shift are in good
agreement. In the rst hours of the ll additional losses, corresponding to a lifetime contribution
of 100 to 200 hours, were observed. This behaviour is typical for lls at LEP1 energies.
We think that the lifetime reduction observed at 45:6GeV is mainly caused by vertical tails.
As only very few tail measurements for LEP with very high beam-beam tune shifts at 45:6GeV
exist, we do not know, if the results are typical. But the few results that exist, support this
assumption. The beam-beam interaction can produce strong vertical tails. If parts of these tails
are outside the (dynamic or physical) aperture of the machine, the lifetime can drop signicantly.
Due to the creation of vertical tails at 45:6GeV, the maximum useful current was limited to
about 400A per bunch [106]. With higher currents the background for the experiments became
intolerable and the lifetime suered signicantly due to the second beam-beam limit.
The emittance control using wiggler magnets is not needed above 45:6GeV. At that energy high
currents can be collided without problems and only the rst part of a ll is beam-beam limited.
During the run at 65GeV in the autumn of 1995 no problems were encountered and very high
beam-beam tune shifts (
y



























Fig. 8.6: Dependence of the vertical beam-beam tune shift 
y
on the bunch current for LEP at
65GeV [29]. The data corresponds to a beam-beam limit at 
y
= 0:045 and an emittance
ratio of  = 0:5% which is plotted as a line.
At higher energies the emittance becomes very large. As long as the dynamic aperture is sucient
this is not a real problem. However with large emittances, the luminosity is small. Therefore in
1997 a dierent method of emittance control was tested at LEP: The damping partition numbers
were changed to reduce the horizontal emittance. This is done by changing the RF-frequency
as described in chapter 7.2.3 but this time with f
RF
> 0 and therefore J
x
> 1. It was used in
routine operation during the 1997 run at energies between 90:5GeV and 91:5GeV. Typically J
x
was increased to 1.6. Due to the resulting decrease of the emittance, again a vertical beam-beam
tune shift of 
y
= 0:05 at the beginning of physics lls was reached.
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Another experience from the 45:6GeV period was that the luminosity was very sensitive to the
vertical closed orbit. Correcting the orbit to obtain a small RMS value of the orbit monitor
readings was not sucient to obtain high luminosities. It was found that some orbits, quickly
nicknamed `golden orbits' were producing high luminosities. These orbits were saved and used
as reference and target for the orbit correction package in subsequent lls. It is not completely
understood what makes an orbit `golden', but it seems that these are orbits where the local
coupling and dispersion at the interaction points are minimised.
The optimisation of the luminosity is done using Vernier or beam-beam deection scans. In
both cases the beams are moved with respect to each other in one of the interaction points by
changing the settings of the electrostatic separators. At each step either the luminosity (Vernier
scan [107]) or the closed orbit (beam-beam deection scan [108]) is recorded. When the scan is
nished, the data is used to nd the settings of the separators where the beams collide head-on.
Before the start of LEP it was assumed that the beams have to be brought into collisions very
quickly, i.e. within a few turns, but this was not necessary. On the contrary, at least if LEP was
not operated at the second beam-beam limit, in the Vernier scans the beams were moved across
each other from several  separation to head-on collisions and to separation again very slowly,
i.e. order of minutes, with only a small (and predictable) amount of blow-up.
Contrary to predictions, the currents in the bunches could dier by up to 10% without di-
culties. Only larger dierences, especially dierences between the two beams, lead to a ip-op
state, i.e. one of the two beams blown up, often combined with bad lifetimes for the weaker
(blown up) beam.
8.2 Beam-Beam Simulations
Several dedicated beam-beam simulation codes have been used to study the beam-beam interac-
tion in LEP. Two of these codes are described briey and some simulation results are given. The
two codes are general beam-beam codes mainly concerned with blow-up of one or both beams
and oscillations induced by the beam-beam interaction. They are not useful to study the tails,
as this would mean tracking of at least 10
8
particles which is not feasible.
In general one distinguishes between two types of beam-beam simulations (this is also valid for
some of the beam-beam tail simulations):
`strong-strong': Both beams inuence each other.
`weak-strong': The strong beam inuences the weak beam, leaving the strong beam unaected.
8.2.1 The Simulation Program BBEAM (by S. Myers)
This simulation program, which is described in detail in [7], simulates the eect of the beam-beam




-colliders. This is done by tracking superparticles
through the RF-system, the lattice and the beam-beam interaction. A superparticle is treated as
a single particle in the lattice and the RF-system, but in the beam-beam interaction it represents
a higher charge than a single particle, such, that with tracking of e.g. 100 superparticles the
bunch current corresponds to realistic values. The motion of the superparticles is studied in
six-dimensional phase-space.
The simulation takes quantum excitation and radiation damping (both due to the synchrotron
radiation) into account. It is possible to introduce (residual) dispersion in the RF-cavities and
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at the interaction points to study synchro-betatron resonances. To calculate the beam-beam
kick, a Gaussian density distribution of the bunches in all three spatial dimensions is assumed.
The program uses only one bunch per beam which collides at all interaction points with the
bunch of the opposite beam. Therefore eects due to dierent currents in dierent bunches
cannot be simulated.
The program rst generates a set of superparticles according to the input conditions (emittance,
current, etc.). Each superparticle is then tracked through a `sector' of the machine which consists
of an RF-cavity, a beam-beam interaction and a normal machine arc (lattice). After each sector
it is checked if the superparticle is still inside the aperture of the machine
1
(and particles which
are outside are discarded).
After each complete turn, the beam parameters (like current or emittance) are calculated from
the surviving superparticles. The results are used to calculate the strength of the beam-beam
force in the next turn.







, one gets the following potential for the beam-beam interaction [109]:
















































is the number of electrons (or positrons) in the bunch. The vertical deection is given





























where  is the Lorentz factor and E
y
is the electric eld due to the charged beam. Combining
































































is the classical electron radius.











































































where w(A+ iB) is the complex error function.
For reasonable parameters, the results from Eqs. 8.7 and 8.8 agree to much better than 1% [7].
The program uses Eq. 8.8 and a look-up table of values of the complex error function (in-between
values are obtained by interpolation) as this method consumes the smallest amount of CPU-time.
In Eq. 8.7 and 8.8 the values for x and y refer to the distance between the particle and the













The aperture in the transverse planes and the longitudinal acceptance have to be given as input.
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(and analogue in the horizontal plane) where y

is the betatron amplitude of the superparticle,
y
sep









the energy deviation of the superparticle.
The tracking through the arc takes into account that particles with an energy deviation will
have dierent tunes (due to the chromaticity) and therefore dierent phase advances per arc.
The longitudinal motion of the particles inside the bunch due to synchrotron oscillations is
included. To include the transverse damping due to the synchrotron radiation, a damping factor
is applied. A random value according to a Gaussian distribution is added to the amplitudes to
simulate the quantum excitation coming from the synchrotron radiation.
The superparticles are tracked until an equilibrium is reached. After that they are tracked
for some more turns and from these turns their positions are averaged to obtain the particle
distribution.
With the program one could show that the actual beam-beam tune shift in LEP should be less
than the unperturbed values (for an unperturbed beam-beam tune shift of 0.06 the beam-beam
tune shift found in the simulation was between 0.02 and 0.04, depending on the vertical tune) [7].
The program was used at the end of the run in 1990 and the obtained beam-beam tune shift was
compared to the measured value. The results agree roughly. Simulation results also indicated
that the working point used in 1990 was not very favourable with respect to the beam-beam
interaction and predicted that it should be possible to reach a higher beam-beam tune shift for
the new working point which was used in 1992 [111].
8.2.2 The Simulation Program BB (by E. Keil)
This program was written to study non-linear coherent eects for colliding beams with more
than one bunch per beam. The main dierence to the program BBEAM described above is that
it uses more than one bunch per beam, but it treats all particles as on-momentum. The beam
evolution in between two beam-beam kicks is approximated by a linear transformation.
At each interaction point the mean position and the standard deviation of the particle distri-
bution are calculated in both transverse planes. To calculate the beam-beam kick a Gaussian
particle distribution is assumed [6].
A scan of one of the two tunes over the range of one integer revealed several regions with a low
beam-beam tune shift. Some of these regions were identied as resonances predicted by linear
theory or non-linear coupling theory, leading to a signicant separation of the beams at the
interaction point or to a large vertical emittance [6].
The program has been used at LEP to predict a `good' set of transverse tunes [32, 33].
8.3 Beam-Beam Tail Simulations
Studying beam-beam induced tails by tracking all particles in a bunch consumes unpractical
to impossible amounts of CPU-time due to the high statistics needed (if a bunch consists of
10
11
particles as in LEP, at least 10
8
or more particles have to be tracked to get decent statistics
on the tails).
2
The separation can be due to dierent closed orbits for electrons and positrons and/or due to electrostatic
separators.
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Three possibilities to avoid this are discussed here briey. The rst two methods have been used
by several groups, but only the simulations which were directly applied to LEP are discussed
here. The third simulation is a simulation of the tails caused by the beam-beam Bremsstrahlung
and done with DIMAD which was developed in the framework of this thesis.
8.3.1 Beam-Beam Kick as Random Walk (by K. Cornelis)
The idea behind this program is to treat the beam-beam kicks as a random walk. In principal
this is not a valid assumption (even for LEP2 energies with damping times of less than 40 turns).
Nevertheless one can obtain several results from this simulation which agree with measurement
results. This technique is therefore still subject to controversial discussions [112]. One program
using this method and some results for LEP are described in [113]. First the quantum excitation
due to synchrotron radiation is treated as noise and modelled as a random walk. Using the LEP1
parameters this gives a beam prole which is Gaussian over several tens of standard deviations.
Due to the noise, two consecutive beam-beam kicks are not completely correlated anymore.
Tail particles (due to their large amplitude) only see a signicant beam-beam kick once every
many turns. The claim is, that therefore the beam-beam kicks for tail particles are essentially
uncorrelated and can be treated as a random walk, too. But even for LEP2 energies, this
assumption is not really valid.
One starts with a Gaussian prole for both beams and then uses this method to obtain an
eventual blow-up of one of the two beams. This new prole is then used to simulate the prole
of the other beam. This is done for a few iterations until the proles start to converge. For
typical beam-beam tune shifts one observes a blow-up of both beams and some tails which are
higher for higher beam-beam tune shifts. For very high beam-beam tune shifts the system goes
to a ip-op state where one beam is not aected at all and the other is strongly blown up. This
behaviour (blow-up, tails and ip-op) has indeed been observed in LEP for high unperturbed
beam-beam tune shifts.
8.3.2 Beam-Beam Tail Simulation (by T. Chen and R. Siemann)
This code uses a special algorithm in order to study the tails by tracking only a small fraction
of the particles. The algorithm is described in [9]. A similar algorithm has been used by other
groups.
The tracking through the lattice is done with a linear transformation. Additionally non-
linearities like (up to) third order chromaticities and detuning with amplitude can be included.
Synchrotron radiation damping and excitation as well as synchrotron oscillations and resulting
changes of the interaction point are included.
To simulate the beam-beam kick a `weak-strong' mechanism is used, i.e. leaving the transverse
dimensions and the bunch length of one beam unchanged [9]. This is appropriate, as one is
interested in the inuence of the core of one beam on the tail particles of the other beam. The
tail particles on the other hand do not inuence the behaviour of the core of the opposite beam.








showing lines of equal particle density or as
the result of a horizontal and a vertical tail scan.
As this simulation method was new, comparisons with a full tracking of all particles were done
and good agreement between the two methods was found. The new method needed much
96 8. Beam-Beam Tails
less CPU-time. The authors estimate the gain in CPU-time for LEP to be about a factor
of 2500 [114].
Running the program with typical LEP parameters produces weak tails in the horizontal and in
the vertical plane [114], although the results often do not dier very much from a Gaussian. Large
tails in the vertical plane were obtained with high non-linear chromaticity [114]. Slight dierences
in the tails were observed for dierent detuning with amplitude. Resonance streaming, i.e.
enhancement of the tails due to particles being on a beam-beam driven resonance, could be
observed.
Qualitatively the simulation can reproduce some features which were observed in LEP [114].
However, when simulations were done with machine parameters under which strong vertical
tails had been measured, the tails predicted by the simulation were always orders of magnitude
below the observed tails.
The dierence between the results from this simulation and the measurements especially in
the vertical plane might be due to the fact, that the simulation does not include any scattering
process which launches particles to large amplitudes. One might expect better results, if the scat-
tering processes described in chapter 4 are included, especially the beam-beam Bremsstrahlung.
8.3.3 Beam-Beam Bremsstrahlung in DIMAD
The simulation of the beam-beam Bremsstrahlung is part of a more general command which
was implemented into DIMAD [52]. It needs the following parameters:
1. the element at which the collisions take place; usually a marker for a predened interaction
point
2. the minimum energy loss k
min
; in all simulations shown here, k
min
= 0:1% has been used.
3. the cut-o distance d (see Eq. 4.26 on page 42)






(if it is dierent
from the one in the used lattice); used to simulate the eect of residual dispersion at the
IP with an otherwise ideal lattice
When the specied element is reached for the rst time, all particles undergo beam-beam






is generated for each particle, using the generator described in appendix B.4. The energy loss

























As the tracking is mainly done using an ideal machine, there is no dispersion at the interaction
point. The eect of residual dispersion at the interaction point for a real machine can be
simulated with an ideal machine using the given dispersion D

(parameter 4 in the list above)






. These two values are then translated into a displacement
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This allows identical tracking except for dierent values of the dispersion at the interaction point
to study its inuence on the tails. For the simulations of the beam-beam Bremsstrahlung in
LEP, at each of the four even numbered IPs 1000 particles were `scattered' and then tracked.
The results from tracking the particles which have undergone beam-beam Bremsstrahlung does
not take into account that the particles get additional kicks due to the beam-beam interaction in
subsequent interaction points. To my knowledge no simulation program exists which combines
the launching to large amplitudes from scattering processes with the beam-beam kicks.
The normalisation of the tails is done via the known cross section and a given beam-beam tune
shift, as the scattering probability depends linearly on the beam-beam tune shift (see Eq. 4.28
on page 43).
When we started rst simulations of the beam-beam Bremsstrahlung (without tracking) with
dispersion at the interaction point, simple assumptions gave tails extending to about 10 standard
deviations (amplitude due to the energy loss and the dispersion at the IP). Detailed tracking
studies gave tails which extended much further. At rst the reason for the dierence was
unclear. By tracking single particles and looking at their trajectories, it became clear, that
these particles were travelling at amplitudes at the limit of or outside the dynamic aperture.
As the particle behaviour after the scattering is not included in the simple assumptions, this
explains the dierence in the results, showing that a simulation has to include large amplitude
eects in the lattice in order to get useful results.








lattice. A beam energy of 45:6GeV and a vertical beam-beam tune shift
of 
y
= 0:04 have been assumed in all the simulations if not explicitly stated otherwise. A
dierent beam-beam tune shift would only inuence the scattering probability and simply shift
the whole curve up or down.
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Fig. 8.7: Simulation of the vertical tails due to beam-beam Bremsstrahlung for the upper (left) and








at the IP ( 3mm, 0mm, +3mm). Except for the region further out than
about 1:8  10
 3
p
m the statistical errors are negligible.
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The eect of the vertical dispersion on the simulated tails is dierent for the two collimator jaws.
It depends on the sign of the dispersion, on which jaw the tails are enhanced. This is caused
by the phase advances between the collimator and the interaction points
4
because a signicant
fraction of the particles in the simulation hits the tail scan collimator on the rst turn after
the scattering when the phase advance of the scattered particles is not yet uncorrelated (due
to detuning and chromaticity). If this eect is real or produced by the way the dispersion is
implemented in the simulation is not clear.






= 1 has been used which is the default value for
tracking studies at LEP. To see if the vertical chromaticity can enhance the tails coming from
the beam-beam Bremsstrahlung, a simulation with Q
0
y
= 10 has been done. The results are
shown in Fig. 8.8 together with the results for Q
0
y




= 0. The high chromaticity enhances the tails by less than a factor of 2. The change
of the chromaticity only changes the strength of the sextupole magnets in the arcs. A large
fraction of the amplitude of the particles is caused by local chromaticity produced by the QS0
magnets close to the interaction point, which remains constant. It is therefore not surprising
that the tails are enhanced by less than a factor of 2 due to the change in chromaticity.
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Fig. 8.8: Simulation of the vertical tails due to beam-beam Bremsstrahlung for the upper (left) and
the lower (right) jaw of the scanning collimator with two dierent vertical chromaticities.
8.4 Measurements of the Vertical Tails in LEP
8.4.1 Observations
The reduced lifetime at the beginning of physics lls (see Fig. 8.5 on page 90) can be explained
by strong beam-beam induced tails. Parts of these tails can be outside the (dynamic or physical)
aperture leading to particle losses, thus reducing the lifetime of the beams.
4





For all lattices in recent years, the non-integer part of the vertical tune was 0.16 and the integer part was a
multiple of 4, therefore one expects similar results for the other lattices.
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Typical examples of vertical beam-beam tails measured in LEP are shown in Fig. 8.9. These




lattice. The vertical dynamic aperture of this lattice
is at least 1:6  10
 3
p
m ([98], see page 78). Depending on the collimator settings, the physical
aperture is about the same size or larger. One can see that at a collimator position around
A
x
= 1:5  10
 3
p
m the lifetime is already less than 100 hours if the chromaticity is large. This
can account for the lifetime reduction which was observed in physics lls (see Fig. 8.5).
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Fig. 8.9: Vertical tails measured at 45:6GeV in 1994 (using beam loss monitors) and in 1995 (using
the scintillators). Black symbols are measurements with colliding beams, open symbols are
measured with separated beams. The lines connect the points from each tail scan only to
guide the eye. The emittance was about the same for all measurements ("
y
= 0:4nm). The
vertical beam-beam tune shift was about 
y
= 0:04.
In addition it was observed that the beam-beam tails, even if they are not aecting the lifetime,
can produce signicant background to the experiments. The maximum current had to be limited
due to background considerations. LEP at 45:6GeV was therefore operated at the rst and at
the second beam-beam limit.
Another phenomenon observed in the vertical tails was a `second' Gaussian which was not
measured by other emittance measurement methods. For colliding beams in LEP, there are four
methods to determine the vertical emittance:
1. Using the synchrotron light monitors BEUV (described in chapter 5.4). This instrument
is not very accurate for very small vertical emittances due to diraction eects as it was
designed for emittances larger than "
y
= 2nm and the vertical emittance is often less then
0:5 nm, but in general the results are good.
2. The Vernier scans and the beam-beam deection scans which are done to optimise the
luminosity both return the vertical beam size at the interaction point.
3. Calculating the vertical emittance from the horizontal emittance measured with BEUV
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4. If tail scans are done such that the collimator jaw is moved into the Gaussian core of the
beam the emittance can be deduced (see chapter 5.2.2). This method can only measure
the region beyond about 5 standard deviations whereas the other methods measure the
rst one to three standard deviations.
The results of the rst three methods typically give the same value for the vertical emittance
within the measurement errors. However the emittance obtained from tail scans is often signi-
cantly larger for colliding beams but they also measure a region dierent from the one measured
by the other three methods. This can be seen in Fig. 8.9 where the top vertical scale is in
numbers of standard deviations corresponding to the measured emittance of "
y
= 0:4 nm. The
lifetime for colliding beams drops already to 10 hours at about 20 
y
although (according to
Eq. 2.43 on page 18) one would expect such a lifetime only at about 6
y
. This is similar to




lattice, where a `second' Gaussian with about twice the `emittance' was found. The `second'
Gaussian in the vertical plane might be caused by a combination of scattering processes, beam-
beam eects and lattice non-linearities. To my knowledge, so far no simulation has been able to
reproduce this `second' Gaussian.
In the horizontal plane tails were also observed but to a lesser extent. We never observed
horizontal tails which were strong enough to contribute signicantly to the lifetime. The largest
fraction of the horizontal tails is already there for a single beam and was discussed in the previous
chapters. The horizontal beam-beam tails are discussed later in this chapter.
8.4.2 Inuence of Some Parameters on the Vertical Tails
Chromaticity: It was observed on several occasions, that a high vertical chromaticity can
enhance the tails. This is expected to a certain extent from the simulations shown in
Fig. 8.8 on page 98. On some occasions (see Fig. 8.9) a clear enhancement was measured.
On other occasions the enhancement was less pronounced or not found at all. Problems





lattice was used: It was found necessary to run with low chromaticities at a beam
energy of 92GeV when the horizontal emittance was reduced by changing the damping
partition numbers. In general problems due to high chromaticity were only observed while
running with a high beam-beam tune shift, i.e. a small horizontal emittance.
Dispersion at the IP: From simulations one might expect a slight dependence of the tails
on the dispersion at the interaction point (as shown in Fig. 8.7 on page 97). This is
also predicted by some dedicated beam-beam simulations. In 1997 some measurements
were done (during a physics ll) to study this. The results are shown in Fig. 8.10. The
dispersion was changed using the knob
5
symdisp which creates dispersion around the ring
such that there is some dispersion at the interaction points. This knob is sometimes used
to optimise the luminosity.
The lowest tails were obtained with a setting of  2 of the knob symdisp. One unit of
this knob gives D

y
= 2:2mm at the interaction point and D
y
=  54:2mm at the tail
scan collimator near QL8.R5. The dispersion created by the knob adds to the already
existing dispersion. As the energy deviation of the particles in the tails is not known, one
5
A `knob' is a list of hardware elements and changes to their strengths. The strengths of all elements in the
list are scaled with the setting of the knob. Knobs are used, e.g. to change the tunes (changing the strengths
of some quadrupole magnets) or the chromaticity (changing the strength of the sextupole magnets). Not all
elements have to be of the same type and the change in strength can be dierent for each element.
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Fig. 8.10: Vertical tails for dierent vertical dispersions at the IPs measured in 1997 at 45:6GeV for






 0:025. The dotted line
gives the simulation results for no dispersion at the IP and 
y
= 0:025.
cannot say which part of the observed change is due to the change of the dispersion at the
interaction point and which part is due to the change at the collimator.
The atter part of the tails (up to about 0:910
 3
p
m) agrees well with the simulations (see
Fig. 8.7 on page 97), taking into account the dierent beam-beam tune shifts (
y
= 0:025
in the measurement and 
y
= 0:04 in the simulation). The measured tails fall o earlier
which we assume to be caused by the apertures being dierent:
1. The simulation uses an ideal machine which has a larger dynamic aperture than the
real machine.












= 1:5  10
 3
p
m, which is even smaller than
the measured dynamic aperture for this lattice. This leads to particles being lost
after emitting a photon due to beam-beam Bremsstrahlung but before reaching the
tail scan collimator, therefore reducing the measured rate. This is also supported by
the fact that the steep slope close to the physical aperture is similar for simulation
and measurement. They only appear at dierent collimator positions due to the
collimator settings being dierent by about 30%,
Bunch train bumps: In 1995 some measurements were done to study the eect of the bunch
train bumps on the vertical tails. The measurements were done with just 2 bunches per
particle type. If the correct RF-buckets are chosen, the bunches cross only in the even
interaction points, leading to the possibility to switch o all separators without introducing
additional collisions. The machine conditions are summarised in Tab. 8.1.
The beams were colliding in all four experiments and the beam-beam tune shift was be-
tween 0.038 and 0.040 for all tail measurements. No signicant changes in the tails for the
three settings of the separators were found. The measurement where the bumps in the
even IPs were reduced showed slight dierences, but they can be attributed to the change
of the vertical emittance which was observed with the BEUV (see Tab. 8.1).
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even IPs on on reduced
BT bumps






















Tab. 8.1: Machine conditions for the bunch train bump measurements. The reduced settings corre-
spond to 10 to 20% of the normal settings of the separators.
Coupling: One measurement was done in 1996 at 80:5GeV to see, if the tails are dierent for
articially increased coupling [77]. The results are dicult to interpret because the loss
monitors were suering severely from very high background due to synchrotron radiation.
The background depended on the vertical emittance. As a change of the coupling changes
the vertical emittance, the background can change as well, making the interpretation even
harder.
Betatron tunes: Similar tails were measured with dierent tunes. Remember however that
the tail scans have to be done in a stable situation with a lifetime of at least 5 to 10 hours
which makes systematic studies of the tune dependence very dicult. The streaming
eects due to resonances are expected to be more pronounced in a situation with bad
lifetimes which has to be avoided for background considerations.
To nd a good working point, tune scans were done, where the lifetime and the emittance
of the beams were measured for a large range of tunes. One of the two tunes is kept
constant and the other one is changed in small steps every two seconds. At each step
the vertical beam size (measured by BEUV) and the lifetime are recorded. The lifetime
measurement, which would be the more useful with respect to tails, is not useful for the
analysis, as it averages over much more than two seconds for the typical lifetimes.
Such a kind of tune scan is useful for optimising the vertical emittance. Often the limitation
of the performance is not the vertical emittance but the lifetime due to tails, the second
beam-beam limit. This could be studied by doing tune scans and reading the loss rate
from the loss monitors and/or the scintillators and then nding a working point with low
loss rates. At LEP it is so far not possible to do this in an automated way. To do it by
hand takes too much time to be practical.
O-momentum collimators: As shown in Fig. 6.5 on page 72, the vertical single beam tails
are partially consisting of o-momentum particles. We have not done the same measure-
ment with colliding beams but simulation results (see Fig. 8.11) show that one would
expect a signicant reduction. If the vertical tails are mainly produced by beam-beam
Bremsstrahlung, most of the particles in the vertical tails have a signicant energy devi-
ation. Therefore the vertical tails should be reduced by the o-momentum collimators,
although these collimators are in the horizontal plane, since particles with a large energy
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Fig. 8.11: Simulation of the inuence of the o-momentum collimators at IP4 on the vertical
tails produced by beam-beam Bremsstrahlung: The solid line is with all collimators at
ramp&squeeze settings, the dotted line is with the o-momentum collimators (horizontal)
near IP4 closed to 9:9.
8.4.3 Vertical Tails and Dynamic Aperture
Tracking of scattered particles with DIMAD has shown that many of the particles which undergo
beam-beam Bremsstrahlung get to very large amplitudes due to local chromaticity, i.e. local
dependence of the phase advance on the momentum deviation, and often fall outside the dynamic
aperture of the machine, as they have a large energy deviation and a large vertical amplitude.
For such particles the machine is not properly matched anymore which increases the amplitude
of these particles even further (see chapter 7.3).
The vertical dynamic aperture is also the reason for the bad lifetime with the vertical tails. The
particles in the far tails are outside the dynamic aperture and get lost. From Fig. 8.9 on page 99










= 10 the lifetime is about 100 hours. This
is already the order of unaccounted lifetime at the beginning of physics lls at 45:6GeV (see
Fig. 8.5 on page 90) and shows that at LEP the dynamic aperture is important in the horizontal
and in the vertical plane.
The collimators in the vertical plane were usually put to settings corresponding to the dynamic
aperture or even further out. Therefore the lifetime was limited by the dynamic aperture and not




lattice on some occasions, the collimator settings in physics
in the vertical plane were actually tighter than the dynamic aperture. Opening the collimators
further immediately increased the lifetime. This was observed for example during the 45:6GeV




= 1:5  10
 3
p
m in the physics settings (the




= 1:6  10
 3
p
m [98], see page 78). The tail scans can be
used to determine if the physical aperture is smaller than the dynamic aperture or vice versa.
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8.5 Measurements of the Horizontal Beam-Beam Tails
In the horizontal plane the situation is very dierent: A large fraction of the tails comes from
scattering processes and is already there for a single beam. A horizontal blow-up of the beams
is often observed when bringing the beams into collision, but beam-beam tails have only been
observed on a few occasions and they were never on a level which would aect the lifetime. A
typical measurement with dierent horizontal chromaticities is shown in Fig. 8.12. The eect of
the chromaticity appears to be less strong than in the vertical plane.
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Fig. 8.12: Horizontal tails at 45:6GeV for colliding beams with dierent horizontal chromaticities. The
beam-beam tune shift was about 
y
 0:04. The dashed line marks the shape one would
expect for a Gaussian beam with "
x
= 45nm.
One occasion when a `second' Gaussian was observed with colliding beams was a measurement
done in 1995 at a beam energy of 44:23GeV
6
[116]. At that time the loss monitors had no
lead shielding and therefore suered severely from synchrotron radiation. In spite of this some
dierences were found between the tails measured with single and colliding beams as shown in
Fig. 8.13. The electron emittance was "
x
= 30:8 nm before and "
x
= 48:8 nm after bringing the
beams into collision. For the positrons the corresponding numbers are "
x
= 29 nm and 35 nm (all















the tails are very similar for separated and colliding beams. However the emittances obtained
from the tail scans are somewhat larger than those measured by the BEUV (from the tail scans
one obtains about 70 nm for the electrons and 48 nm for the positrons). The observed tails look
like a Gaussian beam prole, although they cannot be the core of the Gaussian beam. This








lattice during aperture measurements, where the emittance from tail scans was
signicantly larger than the one measured by the BEUV.
Another similar case was observed in the autumn of 1995 at 65GeV. With average or low
currents the results were similar to the observations made at 45:6GeV (see Fig. 8.12). However
there is one measurement (see Fig. 8.14) with very high bunch currents (500 A) and the highest
6
Due to technical problems the ramp was stopped at that energy.
8.5. Measurements of the Horizontal Beam-Beam Tails 105





















0 0.5 1 1.5 2 2.5 3 3.5
0 2 4 6 8 10 12
Fig. 8.13: Horizontal tails at 44:23GeV for separated and colliding beams for electrons without lead
shielding of the loss monitors and therefore with high background due to synchrotron radi-
ation. The tted emittance is 70nm (solid line). The emittance measured by BEUV was
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= 0:046). The emittance measured with the BEUV
was about the same for both currents. The tted emittances are 29 and 95nm. The upper
horizontal scale is in numbers of standard deviations for an emittance of "
x
= 29nm.
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beam-beam tune shift that was reached in LEP at that time (
y
= 0:05), where a signicant




= 2:0  10
 3
p
m. As this measurement was done
parasitically during a ll which gave record luminosity we did not measure further into the core
to avoid losing the beam. Again a `second' Gaussian was observed. According to the BEUV the
emittance was about the same for the measurement with the high current compared to the one
with the low current. The emittance with the large current obtained from the tail scan is much
larger than measured by BEUV which agrees with the value obtained from the Vernier scans
and the luminosity. This again seems to be similar to the eect seen with the low-emittance
lattices at large emittances.
So far these were the only occasions, where signicant horizontal beam-beam tails have been
observed in LEP. The increase was only in regions inside the dynamic aperture. We therefore
conclude that the horizontal tails do not contribute to the lifetime problems in physics lls.
However for a smaller horizontal (dynamic) aperture or a larger `second' Gaussian the lifetime
would be signicantly reduced by this eect. As the production mechanism of this `second'
Gaussian is not understood, the dynamic aperture should be as large as possible to accommodate
eventual tails.
8.6 Summary
This section summarises the most important points learned about the beam-beam interaction
at LEP:
 Emittance control works very well. At 45:6GeV high currents can safely be collided after
intentionally blowing up the horizontal emittance with the wiggler magnets installed in
a region with dispersion. The horizontal emittance can be controlled with the wiggler
magnets throughout the ll keeping the beam at the rst beam-beam limit. At high
energy the emittance is decreased by changing the damping partition thus giving a smaller
horizontal emittance (and less synchrotron radiation background in the experiments) and
a higher beam-beam tune shift and therefore higher luminosity for the experiments.
 Another method which helps in getting reproducibly high luminosity is the usage of `golden
orbits' mainly in the vertical plane. An orbit which gives high luminosity is saved and used
in subsequent lls as a reference towards which the orbit is corrected. Not all ingredients of
the `golden orbit' are understood but it is believed that these are orbits where the coupling
and the dispersion at the interaction points are somehow minimised.
 The main intensity limitation at LEP at lower energies comes from vertical tails. Many
particles in the tails fall outside the dynamic aperture and are lost with a consequent
reduction of the lifetime and an increase of the background in the experiments. It is
therefore important to have a sucient horizontal AND vertical dynamic aperture to
keep these particles in the machine. In addition often a blow-up in the region between
2 (horizontal) and 20 (vertical) standard deviations of the core emittance has been observed
(`second' Gaussian).
 In general the tracking results from the beam-beam Bremsstrahlung predict the tails to
the correct order of magnitude for a low beam-beam tune shift. At high beam-beam tune
shifts also resonances and other phenomena play a role, probably together with particles
launched to medium and large amplitudes by the beam-beam Bremsstrahlung and other
scattering processes, as simulations which rely only on the resonances underestimate the
level of tails by orders of magnitude and are not able to predict the `second Gaussian' which
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was observed. Tracking also shows that a correct modelling of the lattice is important
for large amplitudes, because local chromatic eects, detuning with amplitude and the
dynamic aperture have to be taken into account.
 The vertical tails which have been observed with colliding beams in LEP were often,
but not always, signicantly enhanced by a high chromaticity. This behaviour is dier-
ent from what was expected from tracking particles which have undergone beam-beam
Bremsstrahlung.
 Background and lifetime at 45:6GeV are very sensitive to the tunes. This can be explained
by parts of the beam getting on resonances (due to the beam-beam interaction) which
results in these particles going to large vertical amplitudes.
 In the horizontal plane the tails are seldom aected by the beam-beam interaction. They
originate mainly from the scattering processes as described in chapter 6. However on
some occasions also in the horizontal plane the emittance of the core was smaller than
the `emittance' obtained from tail scans, but the dierence is not as pronounced as in
the vertical plane. The eect has the same order of magnitude as the eect seen with
the low-emittance lattices with articially increased emittances. On one occasion this
`blow-up' was so large, that the dynamic aperture corresponded to 7 of the `second'
Gaussian prole. Therefore a criterion for the dynamic aperture in terms of standard
deviations of the nominal emittance is not very useful. Measurements have shown that
7 standard deviations of the `second' Gaussian are sucient. Nevertheless it is not clear
what inuences the `emittance' of the second Gaussian.
 As a `second Gaussian' with at least twice the core emittance (in the vertical plane even
a factor of 20) has been observed, the dynamic aperture has to be suciently large in
both transverse planes in order to stay clear of the second beam-beam limit. However one
cannot predict the size of the `second' Gaussian, making estimates of the required dynamic
aperture very dicult. To understand the mechanisms producing the `second' Gaussian,
further investigations are needed.
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9. Conclusion
The transverse tails in the particle distribution of the stored beams in LEP were studied. The
subject is of direct importance for the performance of LEP: Transverse tails are a source of
background to the experiments and have been limiting the maximum current that could safely
be collided at LEP1. Non-Gaussian tails were found in the horizontal and the vertical plane.
Inelastic particle scattering processes leading to o-momentum particles were found to play
an important role in launching particles to large amplitudes. The inuence of adjustable ma-
chine parameters like chromaticity and tune on tails has been studied. It was found that high
chromaticity or certain tunes can enhance the tails.
The tail scans described in this work, particularly for single beams and articially increased
emittance have become a tool to study the behaviour of particles at large amplitudes and to
determine the dynamic aperture. The dynamic aperture is a key parameter in the choice of the
lattice for the operation of LEP at the very highest energies in the coming years.
As tail scans have proved to be a useful and low-cost tool, loss monitors are/will be installed in
several accelerators which are being commissioned now or in the near future [117].
The observations have been used to improve computer simulations of the beam dynamics in-
volved. The relevant scattering processes were simulated and the code implemented into the
existing tracking code DIMAD [52]. In this work it was shown, that it is now possible to give
predictions of the shape and the correct order of magnitude for simple cases like horizontal tails
and non-colliding beams. The simulations can now be applied to other existing and planned
accelerators, e.g. PEP-II at SLAC, CESR at Cornell or future `tau-charm-factories' [118].
Very substantial tails have been observed in the vertical plane for colliding beams. Parts of the
tails have been identied to come from the beam-beam Bremsstrahlung, i.e radiative low-angle
Bhabha scattering. The tails are further enhanced by the non-linear beam-beam force and the
non-linear behaviour of the optics for particles at large amplitudes and with an energy oset.




Useful Equations for Synchrotron Radiation
To calculate the energy loss per turn and other properties depending on the synchrotron radiation













































The function k(s) in Eq. A.4 is the quadrupole strength dened in Eq. 2.2 on page 6. The












(s) being the derivative of the dispersion D(s) with respect to s. ,  and  are the


























































is the horizontal damping partition number dened in Eq. 2.28 on page 15. C
q
is a constant
dened in Eq. 2.36 on page 17.
The horizontal emittance in a FODO lattice for a given energy depends mainly on the phase
advance per FODO cell 
cell
which is usually given in degrees. For a pure FODO-lattice H= is









































where  is the bending angle in a dipole magnet (assuming an isomagnetic ring). This function
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Fig. A.1: Dependence of the horizontal emittance on the phase advance per FODO cell 
cell
; the curve
is calculated using Eq. A.10. The phase advance per cell is given in degrees. The y-axis is
logarithmic in arbitrary units.




















































are functions of s. D is 0 on the central orbit as I
4
is zero on the central orbit.
D can be changed by changing the RF-frequency. The change D due to a frequency change
f
RF









































is the length of the quadrupole magnets, f their focal length and L the distance






the number of FODO cells in the lattice.
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Appendix B
Simulation of the Scattering Processes
B.1 Monte Carlo Techniques
To simulate the scattering processes described in this thesis, one needs to generate several
(sometimes complicated) distributions. As the normal random number generators produce only
a at distribution on the interval [0; 1], one has to nd a way to generate the desired distribution
from the at distribution. The two methods used in this thesis are described below. Often a
combination of the two methods is used. The descriptions follow the ones given in [2].
B.1.1 Inverse Transform Method
If one has a probability density function f(x), i.e. the probability of x is given by f(x), the






If one then chooses a with a probability density f(a), F (a) is a random variable with a uniform
probability density on [0; 1].
One generates a random variable u according to F (x), i.e. a at distribution on [0; 1]. Provided




Therefore, to produce x according to f(x) one integrates and inverts f to obtain F
 1
. One then
generates a random number and puts it into F
 1
.
It is obvious, that this method is only useful for distribution, which can easily be integrated and
afterwards inverted.
B.1.2 Rejection Technique
If a probability distribution is too complicated to use the inverse transform method, one can use
the acceptance-rejection method. One uses an additional probability function h(x) (usually a
at distribution) such that C h(x)  f(x) for all x. The constant factor C (C  1) is necessary
because both distributions have to be normalised to unit area.
One generates a `candidate' x according to h(x) and calculates f(x) and C  h(x). Then one
generates a random variable u on [0; 1]. If u 
f(x)
Ch(x)
, x is accepted, otherwise rejected and one
has to try again.
112 Appendix B. Simulation of the Scattering Processes
One tries to have C not much larger than one, to minimise the number of rejected candidates,
in order to keep the generation ecient.
B.2 Simulation of the Compton Scattering on Thermal
Photons
The simulation program of Compton scattering on thermal photons consists of two separate
Monte Carlo generators. At rst one generates a photon according to the Planck spectrum
(Eq. 4.3 on page 35). Then this photon is transformed into the rest frame of the electron where
it `undergoes' Compton scattering. Then the photon is transformed back into the laboratory
frame. Its energy corresponds to the energy loss of the electron, as the initial photon energy
is small compared to the nal one. The Monte Carlo generator which was used for the work
described here was developed by H. Burkhardt [47]. It was slightly modied to be included in
the tracking code DIMAD [52] which was used for the tail simulations.









A combination of two Monte Carlo generation techniques is used:
1. inverse transform method
2. rejection method
The spectrum is divided into three parts. Each part is approximated by a function f
i
(x) (with i 2
f1; 2; 3g) such that f
i
(x) > f(x) or weight= f(x)=f
i
(x) < 1. The weight is used in the second
step to obtain an exact spectrum where weight= 1. For more details see [47].
For electron energies of several GeV the Compton scattering can be approximated by the elastic
Thomson scattering process. The angular distribution with respect to the scattering angle # for










 (1 + cos
2
#) (B.4)
The Compton scattering is then simulated using the following steps:
1. Pick a particle from the beam.
2. Generate the energy of a thermal photon and its random direction in the laboratory system
(distribution is isotrope) with the generation technique described above.
3. Do a Lorentz transform to get the photon into the rest frame of the electron (taking into
account the real momentum of the particle (usually
p
p
6= 0) and its actual transverse
momenta).
4. Rotate the photon to the +s direction.
5. Generate a scattering angle using the Thomson cross section (Eq. B.4), described in detail
below.
6. Reject some events to correct for the dierence between the Compton and the Thomson
cross section, described in detail below.
7. Do the inverse rotation to step 4.
8. Lorentz transform the photon back to the laboratory system.
9. Calculate the new coordinates of the electron using momentum and energy conservation.
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The Monte Carlo for the scattering itself is in steps 5 and 6. To generate the Thomson cross
section one uses a set of random numbers 0 < r
i
< 1 which are uniformly distributed over this
interval.
The angle  of the scattered photon is then simply generated by  = 2  r
1
. The generation
of # according to a 1 + cos
2
# distribution is a bit more complicated. One uses the fact that
the maximum value of n uniformly distributed random numbers (between 0 and 1) follows the
probability distribution f(x) = x
n 1
. In 75% of the cases one generates a at distribution
for cos# using cos# = 2  r
2







The Compton and the Thomson cross section are equal in the elastic limit, i.e. for x = 1 (see





is needed as a
weight. The weight is used for the rejection technique in the Monte Carlo. The spectra for some
beam energies generated with the Monte Carlo are shown in Fig. 4.3 on page 38.
B.3 Generation of the Beam-Gas Scattering
B.3.1 Mott Scattering
































distribution can be generated by the inversion technique.
B.3.2 Bremsstrahlung





















to use the part in the brackets for the rejection technique. Figure B.1 shows the distribution of
the photons generated with the Monte Carlo generator.








which is valid for LEP where   10
5








where r is a random number between 0 and 1. Results from this Monte Carlo generator are
shown in Fig B.2.















Fig. B.1: Spectrum of photon energies from beam-gas Bremsstrahlung generated with the Monte Carlo
generator. The minimum photon energy k
min
is 0.0001. The dashed line shows the theoretical























Fig. B.2: Scattering angle from beam-gas Bremsstrahlung at 45.6GeV generated with the Monte Carlo
generator. The dashed line shows the theoretical curve. Note that the y-scale is logarithmic.
One event (out of 10
6
) is outside the plot with #  30mrad.
B.4 Beam-Beam Bremsstrahlung
A full Monte Carlo taking into account all aspects of the beam-beam Bremsstrahlung is rather
complicated [58]. As for the tracking studies we are mainly interested in the eect of energy loss
(in addition the divergence of the beam at the IP is large), it is sucient to generate the energy
loss.
The spectrum is given in Eq. 4.26 on page 42. Again the Monte Carlo is realized in two steps:
1. The spectrum can be approximated by
1
k
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is simple and fast using the inverse transform method.




correction and gets the correct spectrum using the rejection technique.
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